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Abstract

Quantitative relationships between mire plant assemblages and environmental variables have been investigated widely in Europe
and North America, but hitherto insufficiently addressed in the East Asian monsoon region. In this study, the plant assemblages of
274 plots along hydrological gradients in five peatlands from the Changbai Mountains region, Northeast China were investigated
during the growing seasons (from May to October) from 2014 to 2016. Seven environmental variables of surface water including
depth to water table (DWT), pH, electrical conductivity (EC), total nitrogen (TN), total phosphorus (TP), calcium (Ca) and
magnesium (Mg) were measured. Canonical correspondence analysis (CCA) indicated that DWT was the principal environmental
variable determining the plant assemblages. A transfer function for inferring DWT based on plant assemblages was developed and
refined using four models. The transfer function was shown to have strong predictive power following thorough statistical and
ecological tests. When the plant assemblages-based transfer function was applied to a 41 cm peat sequence from Laobaishan bog
in the Changbai Mountains region, the reconstructed DWTs were essentially consistent, in the trend and vital details of mire
surface wetness, with those inferred from a testate amoebae-transfer function, which has been verified to be robust for
reconstructing water table in peatlands in the same region. This study suggests that the mire plant assemblages-based transfer
function has great potential for quantitative reconstruction of past mire surface wetness, and allows for further research into
palaeoclimatology, palaeohydrology and palaeoecology in the East Asian monsoon region using multi-proxy methods.
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1. Introduction

Quantitative reconstruction of palaeoclimate and environmental change has been a priority in palaeoclimatological
and palaeoecological research (Turner et al.,, 2013; Seddon et al.,, 2014). A practical tool for quantitative
reconstruction of past climate and environmental variability is the transfer function (Véliranta et al., 2007; Ghosh et
al., 2017). Transfer functions model empirical relationships between contemporary taxa and environmental variables
(Wen et al., 2013; Krashevska et al., 2020). Based on uniformitarian principles of the relationships, the developed
transfer functions are applied to reconstruct past climate and environment variability quantitatively from
palaeoecological taxa (Amesbury et al., 2013; Swindles et al., 2015a) and even predict the trends of taxa shifts in the
context of global warming (Mitchell et al., 2008; Tierney et al., 2020). Thus, transfer functions have been viewed to
revolutionize palaeoecology (Payne et al., 2012). More advanced statistical techniques have been applied to evaluate
the predictive power of transfer functions in extended geographical regions since the first transfer model was
developed (Telford and Birks, 2009; Swindles et al., 2015b; Kurina and Li, 2019). Transfer functions are now
commonly applied to quantitative reconstruction of past environment and climate changes from different proxies in
various archives, especially from fossil data of plants, such as pollen (Cao et al., 2014; Ghosh et al., 2017), phytoliths
(Lu et al., 2006) and plant macrofossils (Va'liranta et al., 2007).

Peatlands are unique and valuable ecosystems owing to their various functions such as storage of carbon,
regulation of catchment hydrology, and archives of environmental change (Dise, 2009; Yu et al., 2010). Peatlands
hold the equivalent of half the atmospheric carbon and approximately one-tenth global freshwater although they only
cover about 3% of the Earth’s land area (Dise, 2009; Xu et al., 2018). The carbon stored in peatlands originated
predominantly from incompletely decomposed mire plants, which accumulate sequentially in situ. Thus, peatlands
record a wealth of information pertaining to the development of the mire plant assemblages and environmental
changes over time, and have become an important archive used to record past and contemporary environmental
changes (Chambers and Charman, 2004; H’edl et al., 2017; Kapfer et al., 2017; Zhang et al., 2020). The vegetation
succession of
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peatlands depends on individual mire plant responses to changes in regional and local conditions (Rydin and Jeglum,
2013). Different types of mire plants grow in different habitats according to variations in wetness, acidity and
nutrition (Laine et al., 2018). The plant assemblages may be regulated by climate changes and anthropogenic land-use
transformation (Mitchell et al., 2013). These indications of mire plant habitats are recorded by means of plant
remains, especially plant macrofossils (>125 um) in peatlands. If plant macrofossils are found in a peat sequence, it
is probable that their parent plants were growing in situ or very close by (Birks, 2007). In peat sequences, plant
macrofossils, which often can be identified to species level, provide precise data on historical vegetation dynamics at
a relatively high taxonomic resolution (Mauquoy and Barber, 2002; Viliranta et al., 2012; Mitchell et al. 2013; Piilo
et al., 2020).

Researchers have demonstrated the close ecological coupling relationship between plant macrofossils and
hydrological factors, for example surface wetness described by depth to water table (DWT), although acidity (pH) and
trophic status of peatlands also influence growth of mire plants (Viliranta et al., 2007; Rydin and Jeglum, 2013;
Castro et al., 2015). Mire surface wetness had been reconstructed using plant macrofossils in peatlands using
gualitative (Barber, 1981) and semi-quantitative technique (Barber, 1994) before the 20th century. Later, several
transfer functions between mire plant assemblages and surface wetness were generated and applied to reconstruct past
surface wetness quantitatively using a modern calibration dataset mostly in Europe (Véliranta et al., 2007; Birks and
van Dinter, 2010; Véliranta et al., 2012; Mitchell et al., 2013) and North America (Thompson et al., 2008). These
transfer function models of local or regional scales have provided robust quantitative reconstruction of
palaeoenvironment and palaeoclimate based on a sound ecological basis, for example the relationship between living
plants and DWT (Valiranta et al., 2012). Nevertheless, different plant species from the same genus might grow in
different geographical regions and respond to different environmental variables or have different optima for the same
environmental variable, for example DWT (Mauquoy and van Geel, 2010; Yang et al., 2019). The reconstructed
environmental variable may have a large deviation when regional-scale plant species not included in their training set
are applied (Turner et al., 2013). Hence, the plant-based transfer functions need to be developed and strengthened to
be applied at local and regional scales outside of Europe and North America. Furthermore, the performance of
transfer functions should be thoroughly tested with statistical and ecological methods before application to fossil data.
The need to estimate quantitatively past hydrological and climatic conditions from plant macrofossils with higher
precision is becoming increasingly important. In this paper, we aim to (1) investigate whether DWT is the principal
environmental variable determining coverage of mire plants in the Changbai Mountains region, Northeast China; (2)
develop a transfer function between modern mire plant assemblages and the principal environmental variable; and (3)
assess the potential application of a plant-based transfer function in the context of climatic change.

2. Regional setting and study sites

Changbai Mountains in Northeast China are located at the southern edge of temperate peatlands (Fig. 1). Climate in
this region is primarily controlled by the East Asian monsoon. Mean annual temperature ranges from 2 to 6 -C. Mean
monthly temperature ranges from -20 to -15 °C in January, and from 17 to 24 °C in July, respectively. Mean annual
precipitation decreases from 900 to 700 mm from southeast to northwest. More than 60% of precipitation occurs in
the growing season (from May to October). With the joint influence of the East Asian monsoon, frozen and volcanic
activities, peatlands have developed widely since the Last Glacial Maximum in various landforms, varying from lava
platforms, crater lakes to alpine valleys (Xing et al., 2015). The Changbai Mountains region has become one of the
key regions for the reconstruction of peat-based palaeoclimate and palaeoenvironment since the Last Glacial
Maximum (Hong et al., 2009; Zhou et al., 2010; Zhang et al., 2019, 2020).

Five peatlands, namely Hani (HN), Hanlongwan (HLW), Jinchuan (JC), Xinglong (XL) and Dongfanghong (DFH)
in the Changbai Mountains region, were selected for this research. They represent a range of trophic status in
peatlands from different latitudes, longitudes and altitudes in the Changbai Mountains region (Fig. 1, Table 1). HN
mire is in a meso- to oligotrophic condition with differentiated vegetation zones from the margin to the centre of the
mire (Schrdder et al., 2007). The forest dominated by Larix olgensis at the margin becomes thinner with increasing
distance from the mire edge, when shrubs including Betula ovalifolia, Vaccinium uliginosum and Ledum palustre take
over. This latter zone is followed by species-rich sedge reeds that again merge into L. olgensis forest. The stands close
to the river are dominated by Cornus alba-shrub or open sedge reed with high tussocks. HLW mire originated from a
small marr lake with a diameter of about 500 m. Now the mire surface is occupied by Carex lasiocarpa, C. limosa,
Phragmites australis and Sphagnum amblyphyllum.JC mire and XL mire are open rich fen with various plants species.
The dominant plant communities are B. ovalifolia—C. schmidtii-S. subsecundum, C. limosa and P. australis—C.
pseudocuraica from the edge of mire to the centre (Ma et al., 2020). DFH mire is in a mesotrophic—oligotrophic state.
The vegetation is dominated by L. olgensis, V. uliginosum, Eriophorum polystachion, C. schmidtii, S. magellanicum,
S. fuscum and S. angustifolium, but is also rich in vascular plants, such as B. ovalifolia, L. palustre, and P. australis.
(Liu et al., 2020).



3. Materials and methods
3.1 Investigation of plant assemblages and determination of environmental variables

The investigation plots were selected along hydrological gradients in the above-mentioned five peatlands (HN, JC,
HLW, XL and DFH) to ensure dominant mire plant species occur in at least three plots (Fig. 1). The longitude,
latitude and altitude of the plot were recorded using a GPS. Investigation of extant plant assemblages was conducted
in July or August once every year from 2014 to 2016. An area of 4 m x 4 m quadrats was investigated for woody
plants, with 1 m x 1 m quadrat for herbaceous plants and 50 cm x 50 cm quadrats for mosses. The average coverage
and height of each plant species in a quadrat and habitat types of each quadrat (hummaocks, lawns and hollows) were
mainly recorded in situ. More precise species identification was conducted in the laboratory under a stereomicroscope
in detail if the plant species was not identified on site. DWT was measured in each quadrat by inserting a 3 cm-
diameter plastic tube (with holes at different depths) and then a dry rod was inserted into the tube after 30 min to
record the depth. Electrical conductivity (EC) and pH of mire surface water (0—10 cm) were measured using a
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Fig. 1. Location of five peatlands (Hani, Jinchuan, Hanlongwan, Xinglong, Dongfanghong) and investigation plots in each peatland
in the Changbai Mountains region. EASM: East Asian summer monsoon, EAWM: East Asian winter monsoon.

Table 1 Details of investigation sites with the ranges of environmental parameters

Site Hani Hanlongwan Jinchuan Xinglong Dongfanghong
Code HN HLW Jc XL DFH
Latitude ('N) 42°1143" 422018" 42°20'56" 42°24'09"

422031 Longitude('E)  126°28'44" 126°13'55" 126°22'51"

128°19'50" 1281845 Elevation (ma.s.l.) 882 782 616

694 1146
Sample number 96 29 58 30 61
DWT (cm) -3.3-46.8 3.0-25.7 —-12.3-21.2 -6.5-30.0 —-2.5-58.5
pH 5.20-6.51 4.86-6.38 5.41-6.06 5.50-6.45 4.14-5.81
Conductivity (uS ecm™?) 13-314 39-431 34-558 24-87 6-82
TN (mg L) 0.37-10.35 0.52-8.52 0.64-9.25 0.78-4.78 1.33-15.23
TP (mg L)) 0.01-0.29 0.03-0.37 0.03-0.41 0.02-1.83 0.04-2.86
Ca (mgLl) 2.41-30.99 4.14-15.66 5.38-18.84 7.47-30.17 4.10-36.40

Mg (mg L'I) 0.40-8.32 0.56-2.75 1.02-5.17 1.41-4.86 0.68-8.76




portable multi-parameter water quality analyzer (YSI 6600, Yellow Spring Instruments, USA). Two extra plastic
bottles of surface water samples (100 ml each) were collected nearby each plant quadrat to measure physio-chemical
properties, such as total nitrogen (TN), total phosphorus (TP), calcium (Ca) and magnesium (Mg). The concentrations
of TN and TP were measured using a SmartChem 140 analyzer (AMS-Westco Scientific Instruments, Inc., Rome,
Italy), and the concentrations of Ca and Mg were analyzed using ICP-OES in the Key Laboratory of Geographical
Processes and Ecological Security in Changbai Mountains, Ministry of Education, Northeast Normal University. Each
environmental variable was measured at least three times during every growing season (from May to October)
between 2014 and 2016.

3.2. Data processing and statistical analysis

Two datasets of plant assemblages and environmental variables obtained from the investigation were compiled to
explore the relationships between plant composition and seven environmental variables (DWT, pH, EC, TN, TP, Ca,
Mg) using canonical correspondence analysis (CCA) with CANOCO 5 (ter Braak and Smilauer, 2012). Rare species
in plant assemblages were downweighted. A Monte Carlo test with 999 permutations was used to test the significance
of the environmental variables and ordination axis (Lep$ and Smilauer, 2003).

The transfer function was developed using weighted averaging (WA), weighted averaging partial least squares
(WAPLS), modern analogue technique (MAT) and maximum likelihood (ML) with a R (R Development Core Team,
2020) package, the rioja (Juggins, 2013). The weighted averaging model was further divided into weighted averaging
with inverse deshrinking (WA-inv), weighted averaging with classical deshrinking (WA-cla), tolerance
downweighted weighted averaging with inverse deshrinking (WATOL-inv) and downweighted weighted averaging
with classical deshrinking (WATOL-cla). The transfer function performance was assessed in term of R? the root
mean square error of prediction (RMSEP), average bias and maximum bias. The leave-one-out (LOO) method was
used to cross-validate the transfer function performance, and leave-one-site-out (LOSO) method was used to evaluate
the impact of clustered sampling (Payne et al., 2012). Segment-wise RMSEPs were calculated to test the potential
effect of uneven sampling along the DWT gradient (Telford and Birks, 2011). To identify spatial autocorrelation
beyond the scale of inter-site differences, the random neighbourhood exclusion test was used to compare the effect of
deleting geographically proximal versus random samples on model performance (Telford and Birks, 2009).

3.3. Quantitative reconstruction and comparison of past mire surface wetness

A 41 cm peat sequence from Laobaishan (LBS) bog (44°06'13"N, 128°02'37"E, 1691 m a.s.l.), located at the top of
Zhangguangcai Mountain in the Changbai Mountains region, was applied to assess the potential of the plant
assemblages-based transfer function for quantitative reconstruction of past mire surface wetness. Detrended
correspondence analysis (DCA) was conducted on fossil plant assemblages of the LBS peat sequence. DWTs of the
LBS peat sequence were quantitatively reconstructed applying the transfer function developed in this study. For
comparison, DWTs in this sequence were also inferred with a well-developed transfer function between testate
amoebae and DWT suitable for this region (Qin et al., 2021).

4, Results
4.1. The environmental variables

The details of investigation sites with the ranges of the environmental variables are shown in Table 1. The 55 kinds of
mire plants that were investigated responded widely to seven physiochemical variables of mire surface water (Fig. 2;
Table 2). In total, the DWT ranged from -12.3 cm to 58.5 cm, while the mire plants were adapted to acid to neutral
water environments. Concentrations of Ca and Mg, as well as EC of mire surface water fluctuated from one to two
orders of magnitude. Concentrations of TN changed from 0.37 mg L* to 15.23 mg L while concentrations of TP
ranged from 0.01 mg L™ to 2.86 mg L*. Large changes in TN and TP concentrations indicates these peatlands are in
different trophic level from oligotrophic, mesotrophic to eutrophic status. The relatively great fluctuation ranges of the
environmental variables (such as DWT, TN, TP) may be related not only to various habitats involved in investigation
from hummocks, lawns and hollows within a peatland and among peatlands with different trophic types, but also to
various weather and climatic conditions at the time of sampling from May to October each year from 2014 to 2016.

4.2. Ordination analysis
Canonical correspondence analysis showed relatively even distribution of the investigated sites and considerable

representativeness of different peatlands (Fig. 2A). In addition, CCA illustrated at least two groups of environmental
gradients strongly determined plant assemblages (Fig. 2B). One was strongly correlated with surface wetness (DWT)



as axis 1 indicated. Different types of plants were primarily separated along axis 1 among and within different
peatlands. For example, species commonly inhabiting dry conditions with higher DWTSs, such as L. palustre, S.
fuscum, S. sect. Acutifolia, Polytrichum strictum, were on the right, whereas species in wet conditions, including
Menyanthes trifoliata and Scheuchzeria palustris were toward the left end of axis 1 (Fig. 2B). The other group of
environmental gradients, pointed out by axis 2, was a combination of pH, the concentrations of Ca and Mg, and to
some extent correlated with nutrient availability (TN, TP). The CCA results showed that DWT had greater marginal

Table 2 Full names and abbreviation of investigated mire plant taxa.

Full name Abbreviation Full name Abbreviation
Aulacomnium palustre Aul. pal Oxycoccus palustris O. pal
Betula ovalifolia B. ova Phragmites australis P. aus
Calamagrostis angustifolia C. ang Polygonum spp. Polygonum
Calliergonella cuspidata C. cus Polytrichum strictum P.str
Caltha palustris Cal. pal Potentilla fruticosa P. fru
Carex lasiocarpa C. las Rhododendron parvifolium R. par
Carex limosa C.lim S. amblyphyllum S.amb
Carex meyeriana C. mey S. fallax S. fal
Carex pseudocuraica C. pse S. fuscum S. fus
Carex rhynchophysa C. rhy S. imbricatum S.imb
Carex schmidtii C. sch S. magellanicum S. mag
Carex spp. Carex S. palustre S. palu
Carex tenuiflora C. ten S. sect. Acutifolia S. sect. Acu
Chamaedaphne calyculata C. cal S. sect. Cuspidata S. sect. Cus
Comarum palustre Com. pal S. sect. Subsecunda S. sect. Sub
Dicranum scoparium D. sco Salix myrtilloides S. myr
Drepanocladus aduncus D. adu Salix rosmarinifolia S. ros
Equisetum hyemale E. hye Sanguisorba tenuifolia S. ten
Eriophorum polystachion E. pol Saussurea spp. Saussurea
Eriophorum vaginatum E. vag Scheuchzeria palustris Sch. pal
Gentiana spp. Gentiana Scirpus spp. Scirpus
Iris spp. Iris Smilacina trifolia S. tri
Juncus effusus J. eff Sphagnum spp. Spha
Larix olgensis L. olg Spiraea salicifolia S. sal
Ledum palustre L. pal Thelypteris palustris T. pal
Lonicera edulis L. edu Typha angustifolia T. ang
Lythrum salicaria Lythrum Vaccinium uliginosum V. uli
Menyanthes trifoliata M. tri
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Fig. 2. Samples (Fig. 2A) / Species (Fig. 2B) -environmental variables ordination plot of canonical correspondence analysis (CCA)
based onall samples. Different colors represented different peatlands (Fig. 2A). Full species names (Fig. 2B) were given in Table 2.



effects than other six environmental variables (Table 3). Although axis 1 (eigenvalue = 0.355) and axis 2 (eigenvalue
= 0.174) explained 11.6% of the variance in total (Table 3), DWT alone explained 3.6% of variability in total species,
while other individual variables contributed less of the variance (<2.5% individually). The Monte Carlo permutation
test showed that CCA axis 1 has a significant effect on the plant assemblages (p = 0.001, 999 random permutations).
Ordination analysis provides a basis for the development of transfer functions between plant assemblages and DWT.

4.3, Transfer function development and performance

The performance and cross-validation results of four types of models are shown in Table 4. All of the models with the
full dataset had relatively large RMSEP with relatively small R? when LOO cross validation or LOSO cross validation
was applied. After model optimization by removing the outliers greater than one-fifth of the measured DWT range in
the training set, all transfer function models performed better with a considerable increase in R? (14.27%-37.39%) and
decrease in RMSEP (24.37%-42.89%), especially with reduction of maximum bias (Table 4; Fig. 3). The optimized
models showed better predictive power in term of R? (almost greater than 0.5), RMSEP as well as average and
maximum biases, especially with LOO cross validation. The WATOL-inv model performed best among four WA
models and was therefore selected to further statistical test. The four types of transfer function models (WATOL-inv,
WAPLS, ML and MAT) performed differently in terms of alternative performance measures. For R?, the order of best
performance was MAT > ML > WAPLS =WATOL-inv, but the difference was relatively small. For RMSEP, the
order changed into MAT > WATOL-inv > WAPLS > ML. In terms of the average and maximum biases, the
WATOL- inv model generally performed best.

4.4, Mire surface wetness of the LBS peat sequence

The plant macrofossils diagram of the LBS peat sequence is shown in Fig. 4. Significant correlation between axis 1
scores obtained from DCA on fossil plant assemblages (Fig. 5A) and inferred DWTs from the plant assemblages-
based transfer function (Fig. 5B) (r> = 0.58, p < 0.01, n = 41) provided good analogues for the plants in the
contemporary training sets and fossil assemblages. This indicated that the plant assemblages- based function can be
used on the LBS peat sequence. This was also shown by the significant correlation (r> = 0.63, p < 0.01, n = 41)
between the inferred DWTSs from the plant assemblages-based transfer function and the testate amoebae-based transfer
function (Fig. 5C).

5. Discussion
5.1. The principal environmental variables determining growth of mire plants

The selected 55 mire plants (11 species of trees and shrubs, 29 species of graminoids and other herbs, and 15 species
of mosses from genus to species) from five peatlands represent the common mire plant taxa in the Changbai
Mountains region (Fig. 2; Table 2). It is noteworthy that most species in this region are the same as those that grow in
the Greater Khingan Mountains and Lesser Khingan Mountains, which are representative of temperate montane
peatlands, Northeast China, with woody plant V. oxycoccus, herbcaeous assemblages composed of E. vaginatum, M.
trifoliata, and mosses (S. palustre, Aulacomnium palustre, and S. fuscum) (Lou et al., 2018). Although some plants are
different at the level of species, they may be the same at the level of genus with mire plants in North America (Goud et
al., 2018) or Europe under the control of continental climate (Mauquoy and Barber, 2002; Bragazza, 2006). Moreover,
some mire plants in the Changbai Mountains region are also comparable to those in boreal peatlands in the regions
influenced by oceanic climate (Mauquoy and van Geel, 2010; Jiroudek et al., 2013). This suggests most taxa have
broad geographic distribution.

The relationship of mire plants and environmental variables suggested that DWT was the principal environmental
variable determining compositions and distribution of plant assemblages (Fig. 2B). This was also evidenced by the
highest marginal effect and the lowest variance inflation factor (VIF) of DWT among seven environmental variables
(Table 3). It is reasonable that among three environmental gradients (wetness, acidity and nutrition) DWT is
overriding in determining compositions of mire plant assemblages (Jirousek et al., 2013; Potvin et al., 2015). Peatlands
are kinds of transitional, amphibious ecosystems with special habitat between open water and terrestrial ecosystems
(Rydin and Jeglum, 2013). The waterlogged, often poorly aerated condition is a key feature of peatlands. Thus, DWT
directly influences colonization and growth of mire plant species, further compositions and succession of mire plant
communities, as well as accumulation and decomposition of peat (Malhotra et al., 2016; Kokkonen et al., 2019).
Following DWT, acidity (pH, Ca and Mg) and nutrient availability were subordinately responsible for the growth of
mire plants (Fig. 2B, Table 3). The results are consistent with previous studies conducted in the peatlands of Europe
and North America (Rydin and Jeglum, 2013; Mitchell et al., 2013).



Table 3 Variance inflation factors and marginal effect of seven environmental variables in CCA.

Variables DWT pH Cond TN TP Ca Mg
Variance inflation factor 1.0620 1.1781 1.2653 1.7366 1.7673 8.0022 7.7524
Percentage variance 3.6% 2.3% 1.5% 1.7% 1.2% 1.4% 1.4%
Significance level 0.002 0.002 0.002 0.002 0.002 0.002 0.002

Table 4 Comparison of prediction performance of different models for DWT in cross validation. Data in normal are from all
samples included in training sets; Data in parentheses are outliers filtered out. LOO: leave-one-out cross validation; LOSO:
leave-one-site-out cross validation. WA-inv: weighted averaging inverse deshrinking; WA-cla: weighted averaging with
classical deshrinking; WATOL-inv: tolerance downweighted weighted averaging inverse deshrinking; WATOL-cla:
downweighted weighted averaging with classical deshrinking; WAPLS: weighted averaging partial least squares; ML:
maximum likelihood; MAT: modern analogue technique.

RMSEPLoo R%L00 Average Biasioo Maximum BiasLoo RMSEPLoso R%Loso Average BiasLoso Maximum BiasLoso
WA-inv 10.08 0.45 0.01 28.68 11.34 0.35 0.46 30.29
(7.06) (0.63) (-0.01) (10.47) (8.22) (0.54) (0.19) (11.96)
WA-cla 14.02 0.46 0.02 25.62 17.27 0.37 0.23 27.06
(8.49) (0.64) (0.00) (5.69) (10.86) (0.57) (0.03) (8.24)
WATOL-inv 10.13 0.45 0.06 28.15 11.86 0.32 0.32 30.53
(6.99) (0.64) (0.05) (10.69) (8.41) (0.51) (0.20) (12.71)
WATOL-cla 13.40 0.45 0.08 24.67 17.60 0.34 0.72 27.84
(8.26) (0.64) (0.07) (6.41) (11.10) (0.53) (-0.18) (8.70)
WAPLS 10.14 0.45 -0.86 27.70 11.43 0.35 -0.63 29.41
(7.43) (0.66) (-0.49) (14.70) (8.61) (0.57) (-0.36) (16.40)
ML 13.47 0.46 1.28 27.08 17.75 0.24 -1.58 26.81
(7.77) (0.74) (0.96) (5.77) (12.05) (0.45) (-1.26) (5.38)
MAT 9.25 0.54 0.68 23.06 11.64 0.36 2.15 29.56
(6.08) (0.77) (0.46) (16.8) (7.92) (0.59) (1.91) (22.93)
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5.2. Statistical test of performance of mire plant assemblages-based function model

Statistical testing of transfer function models is fundamental to make the output of transfer functions meaningful
(Payne et al., 2012). Segment analysis was applied to assess the effect of uneven sampling along the water table
gradient on model performance (Telford and Birks, 2011). The segment-wise RMSEP (RMSEPSW) from testate
amoebae-based transfer functions was also employed for comparison owing to less available segment analysis data
from previous plant assemblages-based function models. After the removal of outliers with high residual values (Table
4), RMSEPSW in most DWT segments were 7-10 cm for the WATOL-inv and WAPLS models, 7-12 cm for the
MAT model, and 10-17 cm for the ML model, respectively (Fig. 6). Although for all of the models, the RMSEPSW in
most DWT segments were comparable to those in the published testate amoebae-based transfer functions (Amesbury
et al., 2013; Li et al., 2015; Amesbury et al., 2016), the predictive power varied among models and in different DWT
segments. The WATOL-inv and WAPLS models, which have almost the same curve, have the strongest predictive
power owing to the lowest RMSEPsw. Compared to the WATOL-inv and WAPLS models, the MAT model has quite
similar RMSEPswat a DWT range of 5-20 cm, 35-40 cm and above 45 cm, and relatively high RMSEPswat a DWT
range of 20-35 c¢cm, as well as lower RMSEPsw at DWT segments below 5 cm and 40-45 cm with relatively fewer
samples. The ML model has the poorest predictive power because its RMSEPswexceeded the standard deviation of the
water table (14.9 cm) in most DWT segments (Mitchell et al., 2013), particularly in the segment of DWT over 40 cm.
Similarly, testate amoebae-based transfer functions also have relatively poor performance in dry conditions (Swindles
et al., 2015b; van Bellen et al., 2014). This may be attributed to insufficient time for water equilibration in the driest
sites with low saturated hydraulic conductivity, which may artificially induce the bias between real and measured
DWTs (Swindles et al., 2015b; Zhang et al., 2017).

The LOSO test showed that the clustered sampling did overestimate the performance of these transfer function



models (Telford and Birks, 2009). All of the models showed an apparent decrease in R%es and increase in RMSEPios
when LOSO cross validation was used (Table 4), particularly for the ML model. This suggested that inter-site
differences in plant assemblages have a considerable impact on performance of the transfer function (Telford and
Birks, 2009). Another reason for performance deterioration in LOSO cross-validation might be that the large
difference of sample number among five peatlands changed the size of the training set during the process of leave-one-
site-out validation. For example, if the samples from Hani peatland were left out, around one-third of samples became
excluded from the training set. Thus, the decrease of RMSEP would be unsurprising. However, in consideration that
the RMSEP_o0so of all models were less than the standard deviation of measured DWT, all transfer function models
built here still had their predictive power.

The effect of spatial autocorrelation on performance of the transfer function models is shown in Fig. 7. The results
indicated that all models were robust to random sample deletion. The R? of all models remained stable, or only slightly
decreased, even if more than half of samples were randomly deleted from the training set. When samples from
geographical neighbourhoods were deleted, R? of all the models apparently decreased, but were still higher than when
environmentally similar samples were deleted. This indicated that all the transfer models were affected, to different
extents, by the spatial autocorrelation of the training set, which resulted from inter-site differences in plant
assemblages rather than that the reconstructed DWTs were spatially autocorrelated. It is surprising that the MAT
model, which is believed to be the most susceptible to spatial autocorrelation (Thompson et al., 2008), showed similar
performance with WATOL-inv model in robust- ness to autocorrelation. This might be because that the results of
spatial autocorrelation tests were complicated by the clustered nature of the training set (Amesbury et al, 2013).
During the process of geographical neighbourhood deletion, it is always the case that all samples from certain sites
within the geographical distance would be deleted. The resulting fewer samples in the training set can cause a
decrease of R%. However, since DWT of one site is independent of those from other sites, the remaining samples
representing replicated microhabitats still had abilitytomodel the ecological characteristics of most plantspecies.

5.3. Ecological assessment of mire plant assemblages-based function model

The potential of mire plant assemblages-based function for quantitative reconstruction of past mire surface wetness
was assessed by comparing the DWTs of dominant mire plants in this study to the investigated DWTSs in previous
studies. The results from investigation on site (Fig. 8) and the model (Fig. 9) showed that most mire plants had similar
DWT optima and tolerance to those in previous studies that were conducted in other temperate regions (Mauquoy and
van Geel, 2010; Vicherova et al., 2017; Lou et al., 2018). For example, dwarf shrubs were generally found with DWT
between 20 cm and 50 cm (Mauquoy and van Geel, 2010); E. vaginatum, with a wide range of moisture conditions
(0-30 cm), inhabited most of the gradient; S. palustre settled at the sites (hollow or lawn) with lower DWT (~0 cm)
(Bragazza, 2006); dry-preferring Sphagnum (for example S. section Acutifolia) and P. strictum preferred relatively dry
conditions with greater DWT; wet-preferring Sphagnum (S. fallax, S. sect Cuspidata and S. sect Subsecunda) were in
the hollow or lawn (Blaauw et al., 2004; Mauquoy and van Geel, 2010; Yang et al., 2019; Feurdean et al., 2019).
However, several plant species had different adaptations to DWT compared to other research; for example, Equisetum
hyemale, a variant species of E. fluviatile, investigated in this study grew on the hummocks with relatively high DWT.
This is different from E. fluviatile, which usually inhabits hollow and lawn with relatively lower DWT (Mauquoy and
van Geel, 2010).

In addition, different species of mire plants adapted to different fluctuation ranges of water table. The plant species
(for example, S. amblyphyllum) that respond much more sensitively to variation in DWT have narrow fluctuation ranges
of water table. Some species, including E. vaginatum, V. oxycoccus, M. trifoliata, have wider fluctuation ranges of water
table than in previous research (Fig. 9) (Mauquoy and van Geel, 2010; Bu et al., 2011; Lou et al., 2018). This may be
related to great fluctuation of DWT in the surface of the investigated peatlands during the growing season from 2014
to 2016 (Table 1). The relevant mechanism for this has been addressed by Lamentowicz et al. (2019), showing that
the establishment of mire plants on peatlands may be a result of DWT extrema and their period of occurrence.
Although absolute values and fluctuation ranges of DWTs may be much greater than in previous research, the optimal
values of most mire plant species adapting to DWT were not significantly influenced. For example, E. vaginatum with
a wide range of water table (0.2—41.5 cm) occupied most of the gradient from hollow through lawn to hummaock;
however, its optimum value (14.8 cm) was consistent with previous studies (14 cm) (Blaauw et al., 2004; Valiranta et
al., 2012). The above analysis indicates that the mire plant assemblages-based function has great potential for
reconstructing past surface wetness of mires in the Changbai Mountains region, and even to extend to peatlands with
similar plant compositions in other regions.
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5.4, Quantitative reconstruction of past mire surface wetness by a mire plant assemblages-based function

The DWTs of LBS peat sequence from bottom to top reconstructed by the mire plant assemblages-based transfer

function have shown a very similar trend (r2 =0.63,p <0.01,n = 41)to increased DWTs from a testate amoebae-
based transfer function (Fig. 5), which has been widely applied to reconstruct past water tables in peatlands with
relatively high accuracy and precision (Mitchell et al., 2008; Amesbury et al., 2016; Zhang et al., 2017; Qin et al.,
2021). This suggests that mire plant assemblages-based transfer function is comparable to the testate amoebae-based
transfer function in terms of reconstructed DWT. However, there is still some inconsistency in the magnitude of
reconstructed DWT between the two curves, especially for the top 8 cm. The inconsistency was also found in reported
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