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ARTICLE INFO ABSTRACT

Handling Editor: Dr Yan Zhao Northern peatlands play an important role in the global carbon cycle. Here we use multi-core and multi-proxy
records from a peatland near Darbin Lake in the Arxan region of Northeast China—near the southernmost
limit of circum-Arctic permafrost and the northern limit of East Asian summer monsoon influence—to document
peatland development and carbon accumulation histories and their responses to past climate changes during the
last 2500 years. Our macrofossil results show that the peatland was characterized by a sedge-dominated fen from
500 BCE to 1450 CE, changed to a Sphagnum-dominated poor fen or bog with abundant shrubs between 1450 and
1960 CE, and finally became predominated by Sphagnum mosses after 1960 CE. The time-weighted mean
apparent carbon accumulation rates from three cores ranged from 19.5 to 53.0 g Cm ™2 yr~! with a mean value of
32.4 g Cm 2 yr}, but increased rapidly to 139.2 g C m~2 yr ! during the last several decades. During the early
stage of the peatland development, three coring sites that are only 50 m apart were all in the fen phase but they
had highly variable bulk densities. The fen-bog transition at these locations occurred during the Little Ice Age but
at different times owing to the various influences of local hydrology, permafrost dynamics, or fire disturbance.
These observations suggest that fens are highly heterogeneous, not only in peat properties but also in ecosystem
dynamics. The dramatic increases in apparent carbon accumulation rates during the late stage of the bog phase
after 1960 CE cannot be entirely explained by the limited decomposition of recently accumulated young peat.
Instead, our analysis suggests that this was likely due to the increasing Sphagnum dominance and low decom-
position of Sphagnum-derived litter, supporting the notion of the important role of vegetation changes in con-
trolling carbon accumulation rates of peatlands. Around the 1990s CE, an increase in allogenic carbon
accumulation rate—after removing the effect of age-related long-term autogenic decay of peat—coincides with a
period of increased regional summer precipitation, suggesting the high sensitivity of continental ombrotrophic
bog ecosystems to hydroclimate changes at decadal timescales.
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1. Introduction

Peatlands are a large terrestrial carbon stock that contains ca. 600 Gt
C (Yuetal., 2010) and play an important role in the global carbon cycle
(Frolking and Roulet, 2007; MacDonald et al., 2006; Yu, 2011). The
development and carbon accumulation of peatlands reflect the balance
between the net primary productivity of peat-forming plants and the
decomposition of organic matter (OM), both of which are influenced by
climate change and also in turn affect the climate through carbon
cycle-climate feedback. With climate warming, peatlands could change

from a carbon sink to a carbon source, further amplifying climate
warming (Gallego-Sala et al., 2018). The future vulnerability of large
peatland carbon stocks therefore calls for a better understanding of the
responses of peatland ecosystems and carbon dynamics to past climate
changes.

The recent peatland data syntheses for the Holocene (Yu et al., 2009)
and the last millennium (Charman et al., 2013) suggest that carbon
accumulation rates of peatlands are higher during the warm periods as
longer and warmer growing seasons promote plant production more
than OM decomposition, providing negative feedback to climate change
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(Gallego-Sala et al., 2018; Jones and Yu, 2010; Loisel and Yu, 2013; Yu
et al., 2010). Rapid warming in mid- and high-latitudes in recent de-
cades has caused multiple changes in peatland ecosystems (Magnan
etal., 2021; Sim et al., 2019) and affected the peatland carbon dynamics
(MacDonald et al, 2006; Yu, 2011). For example, the recent
climate-induced colonization or expansion of Sphagnum mosses and the
substantial increases in carbon accumulation rates have been observed
in peatlands worldwide (Loisel and Yu, 2013; Magnan et al., 2021; Piilo
et al., 2023; Robitaille et al., 2021). Loisel and Yu (2013) developed a
conceptual model to demonstrate the positive effects of recent warming
on Sphagnum growth and peatland carbon accumulation. However,
some studies have also suggested that a higher temperature will lead to
accelerating microbial activity (Dorrepaal et al., 2009) and permafrost
thaw particularly near the southern range limit of permafrost-affected
peatlands (Hugelius et al., 2020; Jones et al., 2017). These changes
could release more carbon from peatlands to the atmosphere, resulting
in positive feedback to climate change.

The hydrology of peatlands affects their vegetation succession and
productivity as well as aerobic/anaerobic decomposition processes,
thereby affecting the peatland carbon balance (Loisel and Garneau,
2010; Zhang et al., 2018a, 2022). However, the complex ecohydro-
logical feedback systems of peatlands varying between and within sites
(Zhang et al., 2022) lead to great uncertainties in understanding the
response of peatland ecosystems and carbon dynamics to climate
changes (Magnan et al., 2021; Piilo et al., 2020; Sim et al., 2021; Zhang
et al., 2018a). For example, the warming-induced permafrost thaw and
increases in evapotranspiration rates in high-latitude peatlands may
lead to both wetter and drier conditions in peatlands, respectively (Sim
et al., 2021). Furthermore, short-term (decadal to centennial) climate
changes can have long-term (centennial to millennium) effects on the
ability of peatlands to maintain a positive carbon balance (Friedlingstein
etal., 2006; Frolking et al., 2010). However, there are still few studies on
the responses of peatland carbon dynamics to climate changes at decadal
and centennial timescales (Yu, 2012).

Northeast China is located near the southern distribution range of
northern peatlands. A number of studies have been published to un-
derstand the long- and short-term peatland carbon dynamics in this re-
gion (Xing et al., 2015; Bao et al., 2011, 2015). Based on the peatland
core data synthesis, Xing et al. (2015) found that photosynthetically
active radiation over the growing season determined the long-term
carbon accumulation rates, but did not present a detailed discussion
on the long-term peatland evolution and the recent peatland response to
climate warming. Bao et al. (2015) estimated recent carbon accumula-
tion rates in the region for the last 200 years but did not discuss the
relationship between climate change and carbon accumulation. The
studies by Liu et al. (2019) and Wang (2021) partly filled this knowledge
gap, but the former lacked attention to the relationship between peat-
land ecosystem evolution and carbon dynamics, while the latter dis-
cussed the impact of climate on carbon accumulation without excluding
autogenic processes. Furthermore, the southern limit of the permafrost
distribution area in Northeast China has moved northward in recent
decades as a result of active layer deepening and permafrost thaw (Jin
et al., 2000; Zhang et al., 2021), which would affect the carbon balance
of these permafrost-affected peatlands. However, previous studies from
the region have seldom addressed the carbon accumulation histories and
dynamics of these permafrost-affected peatlands.

The Darbin Lake peatland in the Greater Khingan Mountains of
Northeast China is located at the southernmost limit of the circum-Arctic
permafrost region (Brown et al., 2002; Jin et al., 2016) and the northern
limit of the East Asian summer monsoon region (Chen et al., 2008). Here
we use multi-core and multi-proxy records (1) to reconstruct the
development history of the peatland, (2) to document the temporal
pattern of peatland carbon accumulation, and (3) to discuss the response
of peatland development and carbon accumulation to climate change.
To our knowledge, this is the first study that documents ecosystem and
carbon accumulation histories of permafrost-affected peatlands in
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Northeast China, which will deepen our understanding of how northern
peatlands respond to future climate changes.

2. Study region and sites

Darbin Lake (also known as Songye Lake) is a volcanic dammed lake
formed by the lava flow of the Arxan volcanic eruption during the
Quaternary period. It is located at the northeast slope of Motianling, a
peak on the western side of the middle section of the Greater Khingan
Mountains (Fig. 1a; Zhang et al., 2014). The Halaha River enters from
the southeast of Darbin Lake and flows out through the northwest end of
the Lake. The study region has a temperate continental climate with a
mean annual temperature of —2.7 °C and a mean annual precipitation of
440 mm (Arxan meteorological station, 47.17°N, 119.93°E, elevation
~997 m a.s.l., about 60 km from Darbin Lake).

Darbin Lake peatland (47.40340°N, 120.66131°E, elevation ~1300
m a.s.l.) is about 370 m west of Darbin Lake. The peatland area is
approximately 0.6 km? in size and is relatively flat with some hum-
mocky microtopography (Fig. 1d). The peatland is dominated by mosses
including Sphagnum rubellum, S. squarrosum, S. magellanicum,
S. acutifolium, S. girgensohnii, Polytrichum strictum, and Drepanocladus
aduncus, accompanied by shrubs including Betula ovalifolia, Vaccinium
utisidaea, Ledum palustre var. angustum, Carex spp., and Calamagrostis
angustifolia. Larix gmelini is abundant on the hillsides around the peat-
land (Fig. 1d). The region is within the isolated permafrost zone (Brown
et al., 2002; Jin et al., 2016), and we encountered permafrost during
peat coring in August 2018.

3. Materials and methods
3.1. Sample collections

In August 2018, three peat cores were collected from three well-
developed hummocks at Darbin Lake peatland that are ~50 m apart
for the following analysis to avoid the bias of single-core analysis,
labeled as DL18-C1, DL18-C2, and DL18-C3 (Fig. 1c and Table 1). The
upper monoliths of the cores were collected by using a stainless serrated
knife to avoid compression, and the corresponding deeper parts were
collected with a 7 ecm x 7 cm box corer (< 20 cm apart from the
monolith). These sections were combined to generate three contiguous
cores (Table 1). Peat cores were wrapped with plastic film, placed in the
polyethylene pipes in the field, transported back to the laboratory, and
stored in frozen conditions. The cores were cut into 1 cm-thick slices
using a band saw and sealed in plastic bags. Subsamples were stored in
frozen conditions before further analyses.

3.2. Radiocarbon dating

The chronology of the three cores was determined using accelerator
mass spectrometry (AMS) radiocarbon *o dating. To obtain credible
ages, we chose the aboveground parts of plant remains as dating ma-
terials. All the AMS 14C dating samples were pretreated by the standard
acid-alkali-acid protocol, and then freeze-dried in an ultra-low temper-
ature vacuum. The graphite targets were prepared at Northeast Normal
University or National Taiwan University AMS (NTUAMS) Lab and then
were analyzed in the NTUAMS Lab for 1*C dating. Pre- and post-bomb
4G dates were calibrated to calendar ages with IntCal 20 (Reimer
etal., 2020) and Bomb 21 NH1 datasets (Hua et al., 2022) on OxCal v4.4
program (https://cl4.arch.ox.ac.uk/oxcal/OxCal.html), respectively,
for an overview as listed in Table 2.

The age-depth models of the three peat cores were generated using
the Bacon program (Blaauw and Christen, 2011). For prior parameter
information, we set 3 cm as the thickness of each section, which was
used to make the age-depth curve as smooth as possible without unex-
plained turning points in non-dating levels. The prior for accumulation
rates was set to the default value acc. shape = 1.5 for three cores, and acc.
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Fig. 1. Settings of the study region and site in Northeast China. (a) The locations of Darbin Lake peatland (red star) and other paleoclimate records discussed in this
paper (black dots). EASM: East Asian summer monsoon. The limit of the modern Asian summer monsoon region (white line) is from Chen et al. (2008). The
southernmost limit of the circum-Arctic permafrost region (purple line) is from Brown et al. (2002). (b) Landscape characteristics of the Darbin Lake peatland. The
white triangle is Motianling peatland (Bao et al., 2012). (c) The locations of peatland cores DL18-C1, DL18-C2, and DL18-C3. The brown lines are roads. (d) Photos of
vegetation near the coring sites.

Table 1
Information of peat cores from Darbin Lake peatland.

Core ID Latitude (°N) Longitude (°E) Elevation (m a.s.l.) Core length (cm) Water table depth (cm)
DL18-C1 47.40322 120.66097 1296 66 NA
DL18-C2 47.40345 120.66136 1298 71 26
DL18-C3 47.40353 120.66142 1300 92 40

mean = 50 for DL18-C1 and DL18-C2 suggested by Bacon (due to initial
estimates of accumulation rates that differ much from the default prior
acc. mean) and default acc. mean = 20 for DL18-C3. As for the memory
prior, we kept the default values (mem.strength = 4 and mem. mean =
0.7).

3.3. Peat property analysis

Subsamples of 1 cm® in volume were extracted at 1-cm intervals from
three cores for loss-on-ignition (LOI) analysis (Chambers et al., 2011).
We first dried the subsamples at 105 °C in an oven for 12 h to estimate
water content (WC; %). Dry bulk density (DBD; g cm2) was obtained by
dividing dry weight by fresh subsample volume. Then we combusted the

subsamples at 550 °C in a muffle furnace for 4 h to make sure that all
organic matter was burned to estimate organic matter content (OM; %).
Ash content (AC; %) was equivalent to 100-OM (%). Organic matter
bulk density (OMBD; g cm~>) was obtained by multiplying DBD and OM.
All samples were processed with the same ignition temperature, burning
time, and sample size to achieve comparability between three cores
(Heiri et al., 2001).

3.4. Grain size analysis
The grain sizes of core DL18-C1 were analyzed to constrain the

source of the mineral materials at Darbin Lake peatland. We added 5 mL
of 10% HCI to the peat ash subsamples obtained after burning at 550 °C
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Table 2
Radiocarbon dates of peat cores from Darbin Lake peatland.
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Lab Code” Depth Material Dated pMC =+ Error Radiocarbon Date + Error Calibrated Age 26 Range  Calibrated Median Age (cal yr BP; cal.
(cm) (%)" (*C yr BPY) (cal yr BP) yr in CE in brackets)®
Core: DL18-C1
NTUAMS- 10-11 Sphagnum leaves 112.06 + —915 + 90 —7to -8 —42 (1992)
6721s 1.25 —40 to —50°
NTUAMS- 20-21 Sphagnum leaves/stems 110.58 + —810 + 160 —7 to -8 —9 (1959)
6722s 2.18 —50 to —56
NTUAMS- 27-28 Charcoal 80.75 +£0.83 1715+ 85 1819-1405 369 (1581)
6723'
NTUAMS- 44-45 Herbaceous leaves/stems and 86.81 + 0.91 1135 + 85 1278-910 1124 (826)
6724 ligneous leaves
NTUAMS- 62-63 Sphagnum leaves and 74.06 £ 1.46 2410 + 160 2847-2011 2281 (—331)
6725s herbaceous leaves/stems
Core: DL18-C2
NTUAMS- 7-8 Sphagnum leaves/stems 102.07 + —165 + 85 253-227 —49 (1999)
6726 1.09 137-115
70-39
—3to -6
—57 to —68°
NTUAMS- 13-14 Sphagnum leaves/stems 104.47 + —350 + 75 —5to-7¢ —5(1955)
6727 0.99 —55 to —65
NENUR 24-25 Sphagnum and herbaceous 100.04 + -5+ 60 267-14 217 (1733)
—10592 leaves/stems 0.76
NTUAMS- 32-33 Herbaceous leaves/stems and 98.33 +£1.12 135 + 90 421-78 413 (1537)
6728 ligneous leaves
NENUR 44-45 Herbaceous leaves/stems and 84.90 + 0.66 1315 + 60 1342-1073 1150 (800)
—10593 ligneous leaves
NENUR 59-60 Herbaceous leaves/stems and 81.61 + 0.65 1630 + 65 1696-1375 1572 (378)
—10594 ligneous leaves
NENUR 69-70 Herbaceous leaves/stems and 77.43 £ 0.64 2055 + 65 2296-1829 2011 (—61)
—10595 ligneous leaves
Core: DL18-C3
NENUR 15-16 Sphagnum leaves/stems 104.54 + —355 + 65 —5to -7 —55 (2005)
-10528 0.84 —55 to —64°
NENUR 23-24 Sphagnum leaves/stems 110.61 + —810 + 60 —7to -8 —46 (1996)
~10529 0.82 —45 to —50°
NENUR 31-32 Sphagnum leaves/stems 117.98 + —1330 + 60 —8to -9 —34 (1984)
-10530 0.84 —35 to —40°
NENUR 39-40 Sphagnum leaves 104.75 + —375 + 60 —6to -7¢ —6 (1956)
—10531 0.78 —55to —63
NENUR 45-46 Sphagnum leaves 99.72 + 0.77 25+ 60 270-10 35 (1915)
—10532
NENUR 55-56 Sphagnum leaves 122.80 + —1650 + 60 —-9to —12 103 (1847)
~10533' 0.88 —-32to —35¢
NENUR 63-64 Sphagnum leaves 98.86 £ 0.74 90 + 60 278-6 233 (1717)
—10534
NENUR 71-72 Herbaceous leaves/stems 98.96 £ 0.76 85 + 60 277-6 406 (1544)
—10535
NENUR 79-80 Herbaceous leaves/stems and 87.84 £ 0.64 1040 = 60 1068-790 968 (982)
—10536 ligneous leaves
NENUR 84-85 Herbaceous leaves/stems and 83.19 + 0.64 1480 + 60 1516-1292 1320 (630)
—10537 ligneous leaves
NENUR 90-91 Sphagnum leaves 81.52 £0.69 1640 + 70 1700-1378 1456 (494)
—10538

2 Samples with the lab code prefix “NENUR” were prepared for graphite targets at Northeast Normal University and dated at National Taiwan University AMS
(NTUAMS) Lab. Samples with the lab code prefix “NTUAMS” were prepared and dated at NTUAMS Lab. Samples with the lab code tail of “s” mean the graphite targets

were prepared using a small volume of gas.
b PMC: percentage of modern radiocarbon.
¢ BP: before present (present is 1950 CE).

4 These post-bomb'*C dates have one calibrated age interval on each side of the 1963 CE post-bomb!“C peak. Considering the stratigraphic position and peat
accumulation rates, we used the most likely ages (marked by") as the calibrated calendar year to input the Bacon age modeling. NTUAMS-6726 has some other older
ages after calibration due to the large error of post-bomb'“C dates, resulting in more than two calibrated age intervals that were not considered.

¢ Calibrated median ages were obtained by age-depth modeling using the Bacon program.

f These dates are outliers, which were rejected by the Bacon program.

and then added 5 mL 0.05 mol/L (NaPOs)e to facilitate dispersion. We 3.5. Plant macrofossil and decomposition degree analysis

used a MICROTRAC S3500 particle analyzer to quantify the component
of clay (< 4 pm), silt (4-63 pm), and sand (63-2000 pm) for each sub-
sample, and then calculated the median grain size.

The compositions of plant macrofossils for three cores were analyzed

mostly at 4-cm intervals but at 1 or 2-cm intervals for selected periods if

helpful. Subsamples of 1 cm® in volume were boiled with 2% NaOH for
12 h to remove humic and fulvic acids. Then, subsamples were rinsed
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with distilled water using a 125-pm sieve. We quantified the abundance
of fine debris fraction (unidentifiable organic matter, UOM) to estimate
the degree of decomposition. We used the Quadrat and Leaf Count
Macrofossil Analysis (QLCMA) method (Mauquoy et al., 2010) to esti-
mate the percentage of plant debris (including Sphagnum mosses, other
mosses, herbaceous fragments, ligneous fragments, and charcoal) from
at least 20 views under a stereomicroscope.

3.6. Apparent carbon accumulation rate

The apparent carbon accumulation rate (aCAR; g C m~2 yr™!) for
each 1-cm peat subsample from each core was calculated by multiplying
three metrics: (1) the peat accumulation rate (cm yr’l) based on the
mean ages derived from the Bacon age-depth models, (2) the dry bulk
density, and (3) the carbon content of organic matter that we assumed as
a constant of 50% consistently in this paper based on published data of
this region (Bao et al., 2011; Xing et al., 2015).

3.7. Modeling peatland carbon dynamics

Following the previous study by Loisel and Yu (2013), we used three
modeling approaches, i.e., the exponential decay model (EDM; Clymo,
1984), the carbon flux reconstruction model (CFM; Yu, 2011), and the
peat decomposition model (PDM; Frolking et al., 2001) to compare
recent carbon accumulation with that of the past when taking into ac-
count that surface peat is incompletely decomposed (Bunsen and Loisel,
2020; Loisel and Yu, 2013; Wang et al., 2015; Zhang et al., 2018a). The
general guidelines and detailed formula and explanation of terms for the
three models are available in Appendix A. For modeling inputs, we
identified the acrotelm/catotelm boundary based on the water table
depth measured in the field and the changes in dry bulk density and
water content (Clymo, 1984). To obtain p and a in EDM, we input the
time (x) and cumulative peat mass (y) data in the Origin software
(OriginLab Corporation, USA), construct a custom function in the form
of y = b/a-(b/a)*(exp(-a*x)) (a is a; b is p), select that function in the
Nonlinear Curve Fit module, enter the prior estimated values of p and a in
the Value column under the Parameters module, and finally perform the
nonlinear fitting.

To explore the effect of allogenic factors (such as climate) on carbon
accumulation rates in recent decades, following Zhang et al. (2018a) we
calculated the modeled CAR (i.e., autogenic CAR, affected by the effect
of age-related long-term decay on peat) based on the derived p and a
from the EDM. Then, the differences between aCAR and autogenic CAR
were considered to be the allogenic CAR (expressed as CAR z scores)
driven by allogenic factors (Zhang et al., 2018a, 2020).

4. Results and interpretations
4.1. Chronology and peat accumulation rate

The *C dates and calibrated ages of 23 samples from three cores are
shown in Table 2. We note that our *C chronology is in quite high-
resolution for a late-Holocene study, but the error bar of C dates is
larger than usual. The age-depth models (Fig. 2) show that the oldest
(not basal) ages of core DL18-C1, DL18-C2, and DL18-C3 are ca. 500
BCE, 100 BCE, and 450 CE, respectively. The mean peat accumulation
rates and standard deviations for 1-cm slices of three cores are 0.117 +
0.155 cm yr %, 0.095 + 0.164 cm yr~ !, and 0.374 + 0.407 cm yr !},
respectively (Table 3). The relatively large standard deviations show
significant fluctuations during the past peat accumulation history. Cores
DL18-C2 and DL18-C3 showed slightly higher accumulation rates in the
early stage, followed by slower accumulation rates. All three cores
accumulated peat rapidly after ca. 1960 C E. It should be noted that
DL18-C1 has a less robust age-depth model than the other two cores due
to fewer dating points (Fig. 2).

Quaternary Science Reviews 324 (2024) 108466
4.2. Peat properties

The peat properties of three cores at Darbin Lake peatland are shown
in Fig. 3 and Table 3. The organic matter (OM) and water content (WC)
show overall increasing trends towards the core top, while dry bulk
density (DBD), ash content (AC), and organic matter bulk density
(OMBD) show the opposite trends. The OM values (74.9 + 14.7%; mean
+ S.D.) for three cores are close the previously reported values for
peatlands in the Greater Khingan Mountains (63.3 + 5.9%; Xing et al.,
2015) and northern peatlands (90.7 + 13.0%; Loisel et al., 2014). The
DBD values (0.246 + 0.179 g cm’s) are higher than that in northern
peatlands (0.118 + 0.069 g cm’B; Loisel et al., 2014), but are similar to
the value in the Greater Khingan Mountains (0.217 + 0.090 g cm™3)
reported by Xing et al. (2015). Compared to cores DL18-Cl and
DL18-C2, the mean values and standard deviations of DBD and OMBD of
core DL18-C3 are the largest. There is a negative correlation between AC
and WC (r = —0.85, p < 0.001) (Fig. 4a), and a positive correlation
between AC and OMBD (r = 0.63, p < 0.001) (Fig. 4b).

4.3. Grain size

The peat ash grain size component of core DL18-C1 is dominated (>
95%) by the small size fraction of < 100 pm. Silt content (81.2-94.0%) is
higher than clay content (2.1-11.1%) and sand content (1.8-16.5%;
Fig. 5a). The median grain size values range from 14.8 to 32.4 pm, and
the mean value is 19.7 pm (Fig. 5b). The grain-size frequency distribu-
tions of peat ash show single kurtosis (Fig. 5¢), which may reflect that
the mineral inputs in this region are from a single source (Bao et al.,
2010).

4.4. Past vegetation changes and decomposition

The macrofossil results reflect the vegetation changes and the stages
of peatland development histories at Darbin Lake peatland (Fig. 3). Core
DL18-C1 was predominated by herbaceous plants (mainly sedge) with
some ligneous remains from ca. 500 BCE to 1650 CE, and Sphagnum
mosses occurred briefly between ca. 500 BCE and 250 CE. At ca. 1650
CE, while the herbaceous decreased rapidly, the ligneous increased.
Sphagnum mosses became predominant after ca. 1960 CE but were
replaced by other dry-adapted mosses (such as Polytrichum strictum) at
ca. 2000 CE. Core DL18-C2 was mainly predominated by herbaceous
plants between ca. 100 BCE and 1960 CE, but the ligneous increased
during the period ca. 1500-1800 CE, and the charcoal peak appeared ca.
1650 CE. From ca. 1960 CE, Sphagnum mosses recolonized with some
other mosses and ligneous plants. Core DL18-C3 was mainly predomi-
nated by herbaceous plants from ca. 450 CE to 1550 CE, but ligneous
increased from ca. 850 to 1450 CE. There are two charcoal peaks be-
tween ca. 1050 and 1450 CE. Sphagnum mosses appeared at ca. 1450 CE,
developed rapidly after ca. 1550 CE, and have been predominant until
the present, accompanied by a few ligneous and herbaceous plants. The
unidentifiable organic matter (UOM) of three cores generally shows
decreasing trends, with some fluctuations, towards the top with
Sphagnum mosses becoming predominated. Ash content has positive
correlations with UOM (r = 0.66, p < 0.001), ligneous percentage (r =
0.29, p < 0.01), and charcoal percentage (r = 0.48, p < 0.001)
(Fig. 4c-e).

4.5. Apparent carbon accumulation rate variability

The time-weighted mean aCAR for three cores are 19.5g Cm ™ 2yr !,
24.7 gCm 2 yr !, and 53.0 g C m 2 yr}, respectively, and the mean
value is 32.4 g Cm 2 yr~! (Fig. 3 and Table 3). This value is surprisingly
the same as the reported mean value of peatland aCAR (32.4 g C m ™2
yr~1; Xing, 2017) during the past 2000 years in the previous peatland
data synthesis in Northeast China. The aCAR of three cores increased
rapidly after ca. 1960 CE, to a time-weighted mean value of 139.2 g C
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Mean values of peat properties with standard deviation (+SD) from Darbin Lake peatland. OM: organic matter; DBD: dry bulk density; AC: ash content; OMBD: organic
matter bulk density; WC: water content; PAR: peat accumulation rate; aCAR: apparent carbon accumulation rate.

Core OM (%) DBD (g cm™) AC (%) OMBD (g cm ™)
Mean + SD Range Mean =+ SD Range Mean + SD Range Mean + SD Range
DL18-C1 723 +11.3 53.9-92.8 0.242 + 0.115 0.051-0.455 27.7 £11.3 7.2-46.1 0.165 + 0.071 0.043-0.266
DL18-C2 69.2 +16.8 39.6-99.4 0.235 £ 0.161 0.019-0.578 30.8 £16.8 0.6-60.4 0.140 + 0.081 0.017-0.290
DL18-C3 81.3 £13.0 53.7-98.4 0.259 + 0.228 0.046-0.851 18.7 £13.0 1.6-46.3 0.183 £ 0.131 0.041-0.472
All cores 74.9 +£14.7 39.6-99.4 0.246 + 0.179 0.019-0.851 25.1 +£14.7 0.6-60.4 0.164 + 0.103 0.017-0.472
Core WC (%) PAR (cm yr 1) aCAR (gCm 2yr 1) Time-weighted mean aCAR (g C m 2 yr™1)
Mean =+ SD Range Mean =+ SD Range Mean + SD Range
DL18-C1 73.0 £6.3 60.0-87.4 0.117 £ 0.155 0.008-0.500 49.2 £+ 53.6 10.4-216.5 19.5
DL18-C2 76.0 + 9.5 61.2-93.1 0.095 + 0.164 0.013-1.000 32.4 £ 319 5.4-216.0 24.7
DL18-C3 84.2 +8.3 65.9-92.6 0.374 + 0.407 0.011-1.100 160.8 + 130.3 23.2-535.5 53.0
All cores 78.4 £9.4 60.0-93.1 0.212 £+ 0.313 0.008-1.100 88.2 + 106.6 5.4-535.5 32.4
-2 .1 . .
m “yr . 5. Discussion

4.6. Modeled peat decay and carbon dynamics

Considering that cores DL18-C2 and DL18-C3 have more than four
dating horizons in the acrotelm and the catotelm (the surface of the peat
core has a coring “age” of 2018 CE), we run the exponential decay model
on these two cores (Clymo, 1984). The results show that core DL18-C2
presents a concave curve in the acrotelm, where the peat addition rate
(p) and peat decay coefficient (a) are 110 g m 2 yr ! and 0.0075 yr,
respectively (Fig. 6a), and presents a convex curve in the catotelm in
contrast with the standard bog growth model (i.e., concave curve). Core
DL18-C3 shows concave curves in both the acrotelm and the catotelm
(Fig. 6b—d). The peat addition rates in the recent decades (after 1960 CE;
the top of the acrotelm), the acrotelm, and the catotelm are 795 g m 2
yr1, 726 g m™2 yr~!, and 244 g m 2 yr~!, respectively. As for peat
decay coefficients, the values are 0.0114 yr~!, 0.0095 yr—!, and 0.0008
yr~1, respectively. Combining cores DL18-C2 and DL18-C3, the mean
peat addition rate and peat decay coefficients in the acrotelm at Darbin
Lake peatland are 418 g m~2 yr~! and 0.0085 yr—?, quite close to other
reported values from the Greater Khingan Mountains (356 g m 2 yr !
and 0.0056 yr! in Liu et al. (2019); 389 g m~2 yr~* and 0.0068 yr ' in
Wang (2021)).

The carbon flux reconstruction model of core DL18-C3 yielded net
carbon uptake (NCU) values in the catotelm ranging from 30.8 to 188.6
g Cm 2yr~!, with the mean value of 69.2 g Cm 2 yr ! (Fig. 7a). These
estimates represent the peat carbon flux that entered the catotelm over
the past 1600 years. The peat decomposition model of core DL18-C3
simulated peat mass loss in the acrotelm for ~300 years (Fig. 7b).
Remaining peat masses are 462 g OM m 2 (or 231 g C m™2) after 60
years and 189 g OM m™2 (or 94.5 g C m™~2) after 300 years, if the initial
peat mass produced in a year is 726 g OM m ™2 and the initial decay rate
is 0.0095 yr . These values correspond to the amount of peat that
would be transferred from the acrotelm into the catotelm over time and
allow us to link short- and long-term processes of peat carbon accumu-
lation. After 60-year (for discussing carbon dynamics in recent decades)
and 300-year (when the peat decomposes in the acrotelm for the longest
time) acrotelm decomposition, the remaining peat carbon would still be
3.3 and 1.4 times of the mean modeled catotelm NCU, suggesting an
increase in the peatland carbon sink capacity in recent centuries.

The CAR z scores for core DL-C3, which was predominated by
Sphagnum mosses after ca. 1960 CE and has a robust age control, have
undergone several major shifts since 1960 CE (Fig. 8). CAR z scores are
higher during the period 1987-2004 CE and lower during the period
1960-1987 CE and 2004-2018 CE. The variations of CAR z scores seem
to coincide with the summer precipitation or summer moisture index (P/
E4, where P is precipitation and E; is potential evapotranspiration
calculated from temperature; Ma and Fu, 2001), but not consistently
with the summer temperature.

5.1. Peatland development and carbon accumulation history

Before discussing the different stages of peatland development and
carbon accumulation, we first suggest that mineral particles (i.e., peat
ash) at Darbin Lake peatland were mainly transported to the site by
aeolian process and are useful indicators of regional moisture conditions
supported by other proxy data and published paleoclimate records in the
region. The reasons are as follows: (1) Darbin Lake peatland is located in
the transition zone between the semi-arid and semi-humid regions of
Northeast China where dust activities are frequent. A previous study has
confirmed that the Motianling peatland, which is less than 4 km from
Darbin Lake peatland, is affected by the long-term atmospheric dust
deposition from northern China and Mongolia based on geochemical
proxies (Bao et al., 2012). (2) The northwest outlet of Darbin Lake is
located in a wide and shallow river valley (Fig. 1). We did not observe
any field evidence to support the influence of river water flow on the
peatland. (3) Peat ash grain size data show that the mineral particles at
Darbin Lake peatland were mainly silt with a mean median grain size of
19.7 pm, which indicates an aeolian genesis, and the input source was
single (Fig. 5; Li et al., 2017).

The ash content (AC) in peat is often higher when the regional
climate is dry—the upland vegetation cover is sparse—the transport of
dust particles to the site by the westerlies is enhanced. From the physical
peat property and macrofossil data, we also found that AC has positive
correlations with organic matter bulk density and unidentifiable organic
matter (UOM), which both indicate the degree of decomposition in peat
that tends to be higher under drier conditions (Fig. 4b and c). Mean-
while, AC has positive correlations with the percentages of ligneous
macrofossils and charcoals that represent relatively drier habitats at the
peatland site (Fig. 4d and e). Combined with other regional paleoclimate
records, we will discuss the peatland development and carbon accu-
mulation history at Darbin Lake peatland based on the peatland devel-
opment processes to understand their responses to past climate changes
during the past 2500 years (Fig. 9).

Stage I (ca. 500 BCE-1450 CE): Darbin Lake peatland was a sedge-
dominated fen at this stage. Between ca. 500 BCE and 200 CE, the low
AC values indicate a wet climate that inhibited the dust particles inputs
to core DL18-C1. The pollen-based temperature and precipitation re-
cords from Hulun Lake also suggest warm and wet conditions during this
period (Wen et al., 2010, Fig. 9n and p). Sphagnum mosses were present
in core DL18-C1, but were gradually replaced by herbaceous plants,
which has been observed in other northern peatlands as well (Piilo et al.,
2020; Ryberg et al., 2022; Yang et al., 2023). During the period ca.
850-1450 CE, the ligneous plant remains in core DL18-C3 increased,
likely indicating the lowering water table and drying conditions (Sun
et al., 2019). In addition to the decreasing precipitation recorded in
Hulun Lake (Wen et al., 2010), the trends towards lower Sphagnum s13¢
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Fig. 3. Summary of peat properties and macrofossil assemblages of core (a) DL18-C1, (b) DL18-C2, (c) DL18-C3, plotted against the calendar year. The light red
shadings of aCAR are for showing the smaller-magnitude variations based on the bottom red x-axis. The light grey shadings of the charcoal percentage indicate the
results in x 10 exaggeration. The red triangles and numbers on the right indicate the horizons and depths with AMS 1“C dating, respectively; and the far-right shaded
column in (c) shows the detail after about 1700 CE. aCAR: apparent carbon accumulation rate; PAR: peat accumulation rate; OM: organic matter; DBD: dry bulk
density; AC: ash content; OMBD: organic matter bulk density; WC: water content; UOM: unidentifiable organic matter.

values (Lin et al., 2004, Fig. 9q) at Motianling peatland (the record also promoted woody plants’ growth and provided fuels for fire occur-
recently verified by the more detailed measurements of Sphagnum stem rences (Archibald et al., 2009; Wang et al., 2013). These together
813C by Wang (2021); Fig. 9q) also support the dry climate during this resulted in increasing fire events as documented by the higher per-
period. The dry climate not only provided a flammable condition but centages of charcoal in core DL18-C3 during ca. 1050-1450 CE. The
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distribution curves for selective depths.

mean value of aCAR during Stage I was 26.8 g C m~2 yr !, and showed
little fluctuation. Overall, the peatland remained in the stable
sedge-dominated fen at this stage with stable carbon accumulation rates
under climate drying, which may reflect the ability of fens to maintain
stability through self-regulation feedback until they reach the bifurca-
tion (or tipping point) of fen-bog transition (FBT; Loisel and Bunsen,

2020). However, due to the lack of local hydrological records, such as
testate amoebae-based water table reconstructions, we are unable to
further elaborate on how the regulatory mechanism affected peatland
development and carbon accumulation processes.

Stage II (ca. 1450-1960 CE): At this stage, the herbaceous plants
decreased, but Sphagnum mosses and woody plants increased, indicating
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that the peatland developed into a Sphagnum-dominated poor fen or bog
with abundant shrubs (mostly Ericaceae). During Stage II-1 (ca.
1450-1700 CE), the high AC values indicate a dry climate, which was
widely observed in regional paleoclimate records (Sun et al., 2019; Xiao
et al., 2009; Lin et al., 2004). The stalagmite 5180 values from Dongge
Cave (Wang et al., 2005, Fig. 90) and Shihua Cave (Chu et al., 2012,
Fig. 90) showed relatively positive values that characterize the weak-
ened East Asian summer monsoon and likely drier conditions in north-
ern China (Liu et al., 2014). In addition, the reconstructed Northern
Hemisphere temperatures based on multiple tree-ring and proxy records
indicate that the lowest temperature over the past two millennia
occurred around 1600 CE (Moberg et al, 2005, Fig. 9m). The
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temperature reconstruction curves based on pollen records from nearby
regions, such as Amur Basin (Han et al., 2020), Daihai (Xu et al., 2010),
and Sihailongwan (Stebich et al., 2015) all suggest that the temperature
decreased significantly at this stage. Our data and other paleoclimate
records suggest that the climate at this time was overall characterized by
cold and dry conditions, a period often known as the Little Ice Age (LIA;
1350-1850 CE in Le Treut et al. (2007)). The FBT occurred during this
period based on macrofossil evidence, potentially indicating that due to
regional climate and/or other local factors, the ecosystem equilibrium of
fen systems was bypassed (see Section 5.2 for details). The dry climate
also increased the charcoal abundance in cores DL18-C2 at ca. 1650 CE.
During Stage II-2 (ca. 1700-1960 CE), AC and UOM decreased,
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indicating a wetter climate (Loisel et al., 2017). The temperature
reconstruction records of the Northern Hemisphere (Moberg et al.,
2005) and Hulun Lake (Wen et al., 2010) showed a slight increase at this
time. The stalagmite 5'80 records from Dongge Cave (Wang et al., 2005)
and Shihua Cave (Chu et al., 2012) show relatively negative values,
indicating the strengthened East Asian summer monsoon, and
pollen-based precipitation records in Hulun Lake (Wen et al., 2010) and
the surrounding regions (Han et al., 2020; Xu et al., 2010) all show the
trend towards wetter conditions. The warm and wet climate may pro-
mote vegetation growth at Darbin Lake peatland, and consequently, the
peat accumulation rates were slightly increased as Sphagnum mosses and
ligneous litter after FBT are more resistant to decomposition than her-
baceous plants (Strakova et al., 2011). The mean value of aCAR in Stage
Il was 34.7 g C m 2 yr~!, showing only a slight increase compared to
Stage 1.

Stage III (ca. 1960-2018 CE): The peatland became predominated
by Sphagnum mosses after ca. 1960 CE, indicating that the bog ecosystem
was established during this period. With the climate warming (0.29 °C
per decade for mean annual temperature and 0.32 °C per decade for
mean summer temperature), Sphagnum mosses were replaced by other
dry-adapted mosses (mainly Polytrichum strictum) in core DL18-C1 after
ca. 2000 CE. Additionally, the increase in AC and median grain size after
2000 CE (Fig. 5b) indicates either drier conditions that caused elevated
aeolian dust transport or enhanced human activities such as road con-
structions. Furthermore, it is notable that the aCAR increased rapidly to
139.2 ¢ C m~2 yr! during this phase (Fig. 9f). Except for limited
decomposition of recently-accumulated peat (Young et al., 2019), this
shift was likely caused by vegetation changes (Loisel and Yu, 2013,
Fig. 10; see Section 5.3 for details).

5.2. The heterogeneity of the fen ecosystem

Our multi-core results show that fen ecosystems are heterogeneous in
terms of both peat properties and ecosystem dynamics even within a
single peatland. For peat properties, during the early stage of the peat
accumulation, three coring sites that are only 50 m apart were all in the
fen phase but dry bulk density (DBD) and organic matter bulk density
(OMBD) are characterized by the large variability among different cores
during the period ca. 400-1450 CE, mainly because core DL18-C3 had
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much higher values than cores DL18-C1 and DL18-C2 (Table 4). Bulk
density, as a proxy of peat decomposition and degree of humification, is
influenced by factors such as mineral input, peat type, decomposition
time, and decomposition condition (Loisel et al., 2014; Yu et al., 2003a).
Among these factors, three cores did not show significant differences in
ash content and were all predominated by herbaceous plants. Therefore,
the higher DBD and OMBD in core DL18-C3 were likely associated with
stronger peat decomposition, which was partly supported by the slightly
higher unidentifiable organic matter in this core. This may be related to
the fact that core DL18-C3 is closest to the edge of the peatland with a
lower water table (Table 1).

The heterogeneity of ecosystem dynamics in fen ecosystems is shown
in the various timings and potential influence factors of the subsequent
FBT (Fig. 9). For peatlands, the FBT might be trigged by autogenic and
allogenic processes. The autogenic mechanism assumes that with the
long-term peat accumulation, the peat surface may eventually reach an
elevation beyond the influence of the mineral-rich groundwater and
fundamentally shift the hydrological and nutrient conditions of the
peatland into a state of ombrotrophy (Kuhry et al., 1993; Valiranta et al.,
2016). The allogenic mechanism assumes that the FBT is likely triggered
by external forcings such as hydroclimate changes (Kolari et al., 2022;
Loisel and Bunsen, 2020; Tahvanainen, 2011). The transitions into bog
vegetation such as Sphagnum mosses and shrubs occurred at different
times since ca. 1450 CE but within the same time window of LIA. At this
interval, the fen ecosystem stability at Darbin Lake peatland was likely
lost under the influence of the cold and dry climate. This ecosystem
transition was also observed at Tuqiang peatland in the same region (Li
et al., 2022), confirming the extensive influence of regional climate on
FBT. However, even in the same regional climate context, local envi-
ronmental variations may lead to asynchronous ecosystem responses for
different locations within a peatland (Magnan et al., 2021; Piilo et al.,
2020; Valiranta et al., 2016). Although we cannot exclude the impor-
tance of autogenic processes, based on our multi-proxy data we suggest
three specific potential influence factors for the allogenically-induced,
asynchronous FBT: local hydrology, permafrost activity, and fire
disturbance.

For local hydrology, we found that core DL18-C3, which has the
lowest water table and much higher DBD than other cores, was the
earliest to undergo FBT. As the higher DBD may lead to the reduced
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Fig. 10. Comparisons of increasing aCAR, Sphagnum abundance and climate
warming in the 20th century, including (a) aCAR of each core, (b) mean aCAR
of three cores binned at 5-yr interval, (¢) abundance of Sphagnum macrofossils
of each core, summer temperature at (d) Harbin station from the period
1900-2010 CE (Zhang et al., 2011) and (e) Arxan station from the period
1961-2013 CE (data from Meteorological Data Center, China Meteorological
Administration at https://data.cma.cn/), and (f) spring temperature at Axran
station from the period 1961-2013 CE. The colored lines in (d-f) are 5-point
moving averages. The orange, green, and blue triangles on the top indicate
the horizons of AMS “C dates from three cores.

hydraulic conductivity of peat (Morris et al., 2022), we speculate that
such conditions might efficiently induce the separation of peatland
surface from the influence of mineral-rich groundwater, creating suit-
able hydrological and nutrient conditions for Sphagnum mosses to grow
at earliest timing relative to other two cores. This process is often known
as the “dry route” of FBT (Loisel and Bunsen, 2020). For permafrost
activity, we hypothesize that the peat surface may be drier due to
permafrost aggradation and peat expansion during the LIA (Jin et al.,
2016). This process may promote peatland transition from wet fens to
dry bogs and has been documented in other permafrost-affected peat-
lands (Magnan et al., 2018b). However, the permafrost aggradation
within a peatland is typically asynchronous due to variations in local
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conditions such as dominant vegetation, microtopography, wind, and
sun exposure (Magnan et al., 2021). This heterogeneity may result in the
transition of dominant vegetation at cores DL18-C1 and DL18-C2 from
wetter fen sedge to drier bog shrubs at different times (ca. 1650 CE and
1500 CE, respectively). For fire disturbance (Valiranta et al., 2016), we
found two charcoal peaks between ca. 1050 and 1450 CE at core
DL18-C3 before the FBT (Fig. 9k). Fire burning could remove surface
vegetation and may promote the colonization and growth of Sphagnum
by increasing available light (Fenton and Bergeron, 2006; Magnan et al.,
2018a) or by increasing decomposition (Vitt and Wieder, 2008) that
indirectly affects local hydrology. However, it should be noted that fire
may also lead to the reversal from bogs to fens. For example, at core
DL18-C2, after the charcoal peak at ca. 1650 CE, the herbaceous plants
increased, showing a short-term return to fen features (Magnan et al.,
2012).

5.3. Rapid increase in aCAR during last several decades

Northern peatlands have experienced rapid increases in carbon
accumulation rates in the acrotelm (Loisel and Yu, 2013; Zhang et al.,
2018a), in part because the acrotelm peat has experienced a lesser de-
gree of decomposition (Young et al., 2019, 2021). We observed that the
time-weighted mean aCAR increased rapidly to 139.2 g C m™2 yr ?
during the last several decades, compared to the long-term value of 32.4
g Cm 2 yr! for three cores at Darbin Lake peatland. However, when
taking the differential decomposition history in peat deposits into
consideration (Payne et al., 2019; Young et al., 2019), we found that the
carbon sequestration capacity of this peatland was indeed increasing.

The results of exponential decay model showed that the peat accu-
mulation pattern of core DL18-C2 changed from convex in the catotelm
to concave in the acrotelm (Fig. 6a), suggesting that peat accumulation
is accelerating in the acrotelm (ca. 1750 CE) after the peat accumulation
became slower in the catotelm (Yu et al., 2003b). For core DL18-C3
(Fig. 6c-e), the peat decomposition model results showed that after
60-year and 300-year acrotelm decomposition, the remaining peat car-
bon from an initial annual production of 726 g OM m 2 (or 363 g Cm™2)
is still 231 g C m~2 and 94.5 g C m ™2, which would still be higher than
the modeled catotelm net carbon uptake value simulated from carbon
flux reconstruction model (69.2 g C m~2 yr™!; Fig. 7b), indicating that
the relatively high carbon accumulation rates over the last several de-
cades were not entirely due to the limited decomposition of
recently-accumulated peat. Instead, this peatland has recently become a
stronger carbon sink than it was in the past.

Although three modeling approaches provide a way to link short-
term acrotelm carbon dynamics and long-term catotelm carbon dy-
namics in peatlands (Bunsen and Loisel, 2020; Loisel and Yu, 2013), we
also need to acknowledge that the methodology itself carries un-
certainties. First, the selection of the acrotelm/catotelm boundary based
on peat core data is subjective. Second, the decomposition rate slows as
decomposition progresses in the original peat decomposition model
(Frolking et al., 2001), but in three modeling approaches, the decom-
position rate is assumed to be constant.

Warming would be expected to promote the carbon accumulation
rates and increase the carbon sink capacity of peatlands in high latitudes
because of the increasing growing season length and net primary pro-
ductivity of peat-forming plants (Charman et al., 2013; Gallego-Sala
et al., 2018; Zhang et al., 2018a). However, we found that the aCAR did
not show a similar trend with summer temperature fluctuations before

Table 4

The difference in bulk density among three cores during the period 400-1450 CE and 1450-2018 CE. DBD: dry bulk density; OMBD: organic matter bulk density.
DBD OMBD
Period (CE) C1 C2 C3 Mean Period (CE) C1 C2 C3 Mean
400-1450 0.302 0.354 0.658 0.438 400-1450 0.205 0.206 0.411 0.274
1450-2018 0.252 0.234 0.269 0.251 1450-2018 0.153 0.122 0.189 0.154
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ca. 1960 CE (Fig. 10a and d). Rather, we found a close link between
aCAR and Sphagnum abundance in three cores that explains the pattern
of recent aCAR (Fig. 10a—c). For DL18-C1, the Sphagnum percentage first
increased at ca. 1900 CE, reached maximum at ca. 1960-2000 CE, and
then decreased toward the core top. The aCAR was very low before 1960
CE, increased after 1960 CE, and then decreased slightly after 2010 CE,
showing a very similar pattern. For DL18-C2, Sphagnum percentage
increased slowly since ca. 1900 CE and reached the maximum only close
to the core top. The aCAR also tracked this gradually increasing trend
and became high only after ca. 2000 CE. For DL18-C3, the Sphagnum
community was established much earlier than 1900 CE and its macro-
fossil percentage was close to 100%, much higher than the other two
cores. As a result, aCAR was indeed much higher than other cores.
Despite the fluctuation of Sphagnum percentage after 1900 CE, aCAR
overall mainly increased due to autogenic processes that have been
corrected to extract “allogenic CAR” (see Section 5.4 for details).
Therefore, the dramatic increase in aCAR during the last several decades
was likely due to the increasing Sphagnum abundance and the resultant
low decomposition rates of Sphagnum-derived litter. When the Sphagnum
bog was gradually established, on the one hand, Sphagnum litter was
more resistant to microbial decomposition than vascular plants due to
recalcitrant tissues and more abundant phenolic compounds (Loisel
et al., 2012; van Breemen, 1995). On the other hand, Sphagnum also
slowed down vascular plants’ growth and inhibited microbial decom-
position by creating an environment of high acidity, low nutrient
availability, low temperature, and anoxic conditions (Malmer et al.,
2003; van Breemen, 1995). The recent colonization or expansion of
Sphagnum mosses and the consequent increase in carbon accumulation
rates have been observed in northern peatlands worldwide (Granlund
et al., 2022; Loisel and Yu, 2013; Magnan et al., 2021; Robitaille et al.,
2021).

After the 1990s CE, rapidly increasing summer temperature should
have indirectly contributed to the increase in recent carbon accumula-
tion rates by providing higher growing season temperatures to promote
Sphagnum growth (Fig. 10a—e; Dorrepaal et al., 2003; Loisel et al., 2012;
Magnan et al., 2021; Primeau and Garneau, 2021). Meanwhile, spring
warming also led to earlier snowmelt and longer growing season length
(Fig. 10f), which encourages Sphagnum mosses to take full advantage of
the high light levels and water availability together with increasing air
temperature to induce the earlier onset of photosynthetic activity
(Aurela et al., 2004; Helbig et al., 2022; Loisel and Yu, 2013). Previous
studies have shown that increased nitrogen deposition could promote
Sphagnums growth (Vitt et al., 2003) and carbon accumulation rates
(Turunen et al., 2004) or have the opposite effect (Gunnarsson and
Rydin, 2000). However, the nitrogen deposition probably has little ef-
fect in this region because the nitrogen deposition rate was less than
0.25 g Nm 2 yr~! over the recent past (Gu et al., 2016). In summary, the
effect of increasing temperature on aCAR after 1990s CE cannot be
excluded.

Our records show that there was a synchronous positive trend in the
Sphagnum growth and rapid carbon accumulation during the late stage
of the bog phase at Darbin Lake peatland even though the carbon
accumulation is complicated by many control factors (Yu et al., 2009),
which suggests that Sphagnum, as an important peat-forming plant, plays
an important role in carbon accumulation of peatlands, and is the key to
high carbon sink capacity of peatland ecosystems (Dorrepaal et al.,
2003; Loisel and Bunsen, 2020; Loisel and Yu, 2013; Magnan et al.,
2021; Piilo et al., 2023; Taylor et al., 2019).

5.4. Response of allogenic CAR to climate change during the last several
decades

Since meteoric water is the main water source for Sphagnum-domi-
nated ombrotrophic bogs, the surface moisture and water level of bogs
are closely related to the regional effective moisture balance controlled
by precipitation and temperature (Charman, 2007; Heijmans et al.,
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2013; Loisel and Garneau, 2010; Valiranta et al., 2016), both of which
are the important factors for vegetation succession and carbon dynamics
in peatlands (Piilo et al., 2019; Zhang et al., 2018b, 2020). We used core
DL18-C3 to explore the effects of recent climate change during the
instrumental period on carbon accumulation rates of the ombrotrophic
bog.

Our results show a sensitive response of allogenic CAR to regional
summer effective moisture controlled by summer precipitation amount
on decadal timescales, while the role of temperature is not immediately
clear (Fig. 8). The increasing allogenic CAR at around the 1990s CE
coincides with the period of increase in summer effective moisture.
When the summer effective moisture decreased subsequently at around
the 2000s CE, allogenic CAR also decreased. The macrofossil results of
core DL18-C3 showed that the drying in the 2000s CE resulted in a slight
increase in woody and herbaceous plants (Tuittila et al., 2012). This may
be related to the moisture stress of Sphagnum caused by a combination of
rising temperatures and lower water table, tipping the competitive
advantage from Sphagnum mosses to vascular plants that can use deeper
water sources (Dieleman et al., 2015). In addition, we found that the
timing of changes in allogenic CAR lagged behind the changes in
effective moisture, which might indicate that bog plants have a delayed
response to hydroclimate changes (Kokkonen et al., 2019; Sim et al.,
2021) or be caused by age uncertainties. We attempted to analyze the
correlation between CAR z scores and summer moisture index while
considering a time lag, and found a significant positive correlation be-
tween them (r = 0.66, p < 0.001; the result is not displayed).

Both temperature and effective moisture conditions affect the bal-
ance between plant production and organic matter decomposition, and
thus the capacity of peatland carbon sinks. For example, the decrease of
effective moisture can accelerate peat decomposition due to exposure to
aerobic conditions that reduce the carbon accumulation rate (Swindles
et al., 2019). Based on our records, we suggest that the factor of summer
precipitation is more important in places like Northeast China where
moisture availability is more limited due to continental climates
compared to their counterparts in oceanic or monsoonal regions. Indeed,
the climate condition of our study sites (MAT = —2.7 °C, MAP = 440
mm) is close to the lower bound of precipitation boundary in the climate
space of northern peatlands (Yu et al., 2009). Our results may also
suggest that summer precipitation will become an important factor in
predicting the future carbon dynamics in northern peatlands in conti-
nental interiors (Zhang et al., 2020).

6. Conclusion

In this study, we documented the peatland development and carbon
accumulation history at Darbin Lake peatland to understand their re-
sponses to past climate changes during the last 2500 years. The results
showed that the peatland was initially characterized by a sedge-
dominated fen, then changed to a Sphagnum-dominated poor fen or
bog with abundant shrubs (mostly Ericaceae), and finally became pre-
dominated by Sphagnum mosses during last several decades. Multi-core
analysis indicated that fens are highly heterogeneous in terms of peat
properties and ecosystem dynamics even within a single peatland. The
rapid increases in aCAR in recent decades might have resulted from the
increasing Sphagnum abundance and resultant low decomposition of
Sphagnum-derived litter rather than limited decomposition of recently-
accumulated peat, suggesting the important role of vegetation changes
in controlling the carbon accumulation rates of northern peatlands.
Under the influence of climate warming, the increase in allogenic CAR
around the 1990s CE coincides with the period of increased regional
summer effective moisture controlled by summer monsoon precipita-
tion, revealing the high sensitivity of ombrotrophic bog ecosystems to
hydroclimate changes at decadal timescales. Therefore, moisture avail-
ability is likely the more important factor than temperature in predicting
the future carbon sink capacity in northern peatlands that are limited by
moisture availability.
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Appendix A

The exponential decay model (EDM; Clymo, 1984) was used to derive peat addition rate (p) and peat decay coefficient (@) for catotelm (p, a.) and
acrotelm (p,, @) by fitting the observed cumulative peat mass data with single exponential decay function, assuming that p and @ remain constant over
time. These values were then used to drive the following two models. The carbon flux reconstruction model (CFM; Yu, 2011) was used to
back-calculate the initial carbon uptake in the catotelm, which was estimated at 100-yr intervals. The peat decomposition model (PDM; Frolking et al.,
2001) was used to simulate the remaining peat after the initial peat had decomposed for a certain period of time in the acrotelm. In other words, this is
the amount of peat that was thought likely to be transferred to catotelm at that time. Once multiplied by 50%, the result is equivalent to the carbon
uptake in the catotelm. Since we could only derive p and «a for both acrotelm and catotelm from core DL18-C3, we only discussed the connections
between short- and long-term carbon dynamics based on the results of that core. The formula and explanation of terms for three models are shown in
Table Al.

Table Al
The formula and explanation of terms for three models.

Model Formula Explanation

Exponential decay model M—observed cumulative peat mass;

@ = p— a*M, which has an

(EDM) d t—time;
analytical solution as: p—peat addition rate;
M=P. (1— eot) a—peat decay coefficient.
a
Carbon flux reconstruction NCU. — NCP, NCP—observed net C pool from peat core data at the present at each time interval (e.g. 100-yr binned
model (CFM) T e interval in this study);

initiation NCU—modeled net carbon uptake from observed NCP by considering and adding total carbon release/loss

NCR, =¥, e (NCP k __NCPg ) since the formation of the 100-year peat cohort using the modeled decomposition (fractional mass loss) rate;
- et et NCR—total net carbon release from the entire peatland at every 100-yr interval;

t—time;

a—peat decay coefficient;

k—the peat cohort ID to track all peat cohorts older than time t since the initiation of the peatland.

Peat decomposition model M — My p M—remaining peat at time t;
(PDM) C T 1+4ket 1+at My—initial peat mass produced in a year, assuming to be equal to p*1 yr in EDM;
ko—initial decay rate, assuming to be equal to @ in EDM;
t—time.
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