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Abstract

Previous paleoenvironmental data synthesis indicates that arid central Asia (‘westerlies Asia’) and
mid-latitude East Asia (‘monsoonal Asia’) show anti-phased moisture variations over the last
millennium. However, there are very few records from inland Northeast Asia, which obscures the
spatial extent of or the boundary between the two domains and hinders the assessment of climate
change impacts and consequences across the region. Here, we present a multi-proxy record that
combines peat properties, plant macrofossils, and isotopic ratios of Sphagnum moss cellulose from
a unique precipitation-fed peatland in northern Northeast China to fill this critical data gap. The
results show major centennial-scale moisture anomalies at this site, with drier and wetter
conditions during the Medieval Warm Period and Little Ice Age, respectively, which resemble the
pattern of moisture changes in ‘westerlies Asia’. During the period of rapid anthropogenic
warming, the site is much drier, with isotopic evidence for threshold-like summer desiccation of
peat-forming Sphagnum mosses. This study provides the long-term context and identifies the
large-scale pattern of moisture variability in an inland region home to carbon-rich peatlands,
forests, and permafrost soils, and highlights their potential vulnerability to future warming-
enhanced drying that can be transmitted widely through atmospheric teleconnection.

1. Introduction

The spatial patterns and driving mechanisms of mois-
ture variability during past warm and cold periods
are of great scientific interest due to their relev-
ance in predicting future continental moisture avail-
ability under anthropogenic global warming [1-5].
These are crucial for informing water resource man-
agement, ecosystem preservation, and the develop-
ment of adaptation and mitigation strategies [6—11].
To this end, our current knowledge largely relies
on paleoenvironmental records from various natural
archives, as Earth system models are uncertain in sim-
ulating precipitation or soil moisture dynamics, and
instrumental data are typically too short in length
[5, 12-14].

There are many high-quality paleoenvironmental
records in Asia which, from data syntheses, have

© 2024 The Author(s). Published by IOP Publishing Ltd

already revealed intriguing out-of-phase or anti-
phased moisture anomalies among geographically
adjacent regions over multiple timescales [15-18].
During the last millennium, previous studies have
shown that arid central Asia was drier during the
Medieval Warm Period (MWP) than during the Little
Ice Age (LIA), whereas mid-latitude East Asia had
changes in the opposite direction [4, 15]. These two
domains are now referred to as ‘westerlies Asia’ and
‘monsoonal Asia), respectively, to highlight the dom-
inant role of large-scale atmospheric circulation sys-
tems in producing spatially inconsistent moisture
variations [4].

Despite the significant progress to date, there is
still an outstanding data gap from inland Northeast
Asia, located at the northeastern end of the presumed
boundary between these two domains (figure 1(b))
[19]. While tree-ring records provide insights into
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Figure 1. Overview of the study region and site. (a) Map of the multi-year aridity index (precipitation divided by potential
evapotranspiration) from the CRU (Climatic Research Unit) dataset [35], where drylands are defined as areas with an aridity
index of <0.65. The blue line indicates the presumed modern boundary of the Asian summer monsoon (ASM) as in [4], which
regionally traces the range of the Greater Hinggan Mountains (GHM). (b) The geographical setting of our study site, including
continental topography and the same modern boundary of the ASM (dashed blue line) tentatively separating the ‘westerlies Asia’
and ‘monsoonal Asia’ domains. (c) Map of histel (permafrost peatland) soil organic carbon (SOC) storage from [36]. The pink
line traces the southernmost limit of the circum-Arctic permafrost (CAP) area from [37]. In maps (a)—(c), dots indicate the
locations of relevant sites discussed in this paper: 1-Hongtu peatland (this study), 2-Hulun Lake [38], 3—two pine tree-ring
sampling sites [39], 4~Harbin City, 5—four Northeast Asia speleothems [26]. (d) Google Earth aerial image of Hongtu peatland
(August 2019) marked with the coring locations of HT22-C1 and HT22-C2. (e) Author photos of peatland site and core HT22-Cl.
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historical drought patterns, most of these records
were collected from westerlies-affected Mongolian
drylands or cover only several centuries [20-25].
Other studies have developed paleoenvironmental
records from monsoon-affected, temperate Northeast
China, which do not necessarily represent our study
region [26-30], or relied on interpretations of
ambiguous proxies such as pollen assemblages and
wildfire events that likely have complex responses
to temperature and moisture changes [31-34].
Consequently, it remains unclear whether this region
is more dynamically linked to mid-latitude westerlies
or the Asian summer monsoon (ASM).

As a geographically extensive and sparsely pop-
ulated region, we note that ‘inland Northeast Asia’
is actually a rarely used term in current literat-
ure and should include northern Northeast China,
eastern Mongolia, and parts of Russian Siberia
(see an informal map from figure S1 [40]). This
region, perhaps little known to other parts of the
world, features a mosaic of low-elevation dryland
and high-elevation non-dryland areas (figure 1(a)),
with considerable forest biomass and peatland
coverage underlain by permafrost and frequently

affected by wildfire events (figure 1(c)) [36, 41—
44]. In the context of rapid anthropogenic warm-
ing, these carbon-rich ecosystems are likely highly
sensitive to warming-driven changes in the water
cycle, including dryland expansion [45, 46], regime
shifts in soil moisture dynamics [20, 47, 48], and
permafrost thaw [36, 49]. However, the lack of
knowledge about how long-term moisture avail-
ability responds to temperature variability in this
region complicates assessments of climate change
impacts on terrestrial ecosystems, including carbon-
cycle feedbacks, and projections of their future
trajectories.

To address this gap, we present a multi-proxy
paleoenvironmental record spanning more than the
past two millennia based on a unique, moisture-
sensitive peatland within the inland Northeast Asia
region. Our new record constrains the centennial-
scale temperature-moisture relationship, presents
novel evidence that the recent intensification of
warm—dry condition has already caused unpreced-
ented shifts in peatland ecosystems, and provides
insights into the future vulnerability of terrestrial
ecosystems.
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Figure 2. (a) Twelve-monthly mean temperature (line with
dots) and precipitation (bars) from Xinlin station
(1972-2022 CE). (b) Twelve-monthly mean precipitation
§'80 at Hongtu peatland estimated from the
observation-based Online Isotopes in Precipitation
Calculator (OIPC) [52] and two nudged isotope-enabled
general circulation models (GCMs) LMDZ4 [53] and
IsoGSM2 [54] during 1979-2021 CE.

2. Materials and methods

The study site, Hongtu peatland (51.6° N, 124.2° E;
elevation 550 m asl), is located on the eastern
side of the Greater Hinggan Mountains in north-
ern Northeast China (figure 1(a)). The mean annual
temperature is —2.5 °C and the mean annual pre-
cipitation is 528 mm based on instrumental data
(1972-2022 CE) from Xinlin station, about 15 km
away (figure 2(a)). The peatland vegetation is domin-
ated by Sphagnum mosses (mostly nutrient-poor spe-
cies such as S. magellanicum), along with Polytrichum
mosses and other trees, shrubs, and sedges commonly
found in regional peatlands [50]. The peatland is
underlain by ice-poor permafrost that separates the
site from the mineral-rich groundwater. The field-
measured pore-water pH is about 4.4, and electrical
conductivity is <20 S cm™, confirming that this site
mainly relies on a meteoric source of moisture [51].
To our knowledge, Hongtu peatland is a rarely repor-
ted site in China for its precipitation-fed nature and
long history of Sphagnum peat accumulation.

We collected two peat cores in September 2022:
HT22-C1 (95 cm) from the central part and HT22-C2
(65 cm) from the western part (figure 1(d)). HT22-Cl
contains a 22-cm frozen peat section in the perma-
frost collected using a drilling machine (figure 1(e)).
These two cores did not reach the permafrost basal
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peat due to machine failure. Back in the laboratory,
the cores were sliced and then analyzed to collect a
routine suite of paleoecological data, following well-
established protocols for each type of analysis.

Radiocarbon dates were measured at seven hori-
zons for each core and then input to the Bacon pro-
gram for developing age-depth models [55]. Physical
properties of peat were determined at every 1 cm
using the loss-on-ignition analysis [56]. The derived
organic matter (OM) content and ash-free bulk dens-
ity (AFBD) have been used as qualitative indicators
for the degree of decomposition and thus moisture
conditions in peat-core studies [57, 58]. Apparent
carbon accumulation rates, which may further detect
short-term intervals of enhanced peat decomposi-
tion, were calculated between dated intervals based
on the age-depth model, AFBD, and assumed carbon
content of 50% [59, 60].

Simple plant macrofossil types, including
Sphagnum, Polytrichum, herbaceous, ligneous, and
charcoal remains, were identified under a stereo
microscope at every 1 cm for HT22-C1 and every
2 cm for HT22-C2 [58, 61]. In each sample, at least 20
views were examined to calculate the average volume
percentages of macrofossil types. Sphagnum moss
macrofossils were also identified to the section level
from at least 60 random individual leaves under a
compound microscope (other studies count at least
100; e.g. [62]). Depending on the objectives of differ-
ent studies, plant macrofossils have been used to infer
changes in peatland vegetation and thus successional
processes [63, 64], or reconstruct changes in moisture
conditions using statistical techniques [65, 66].

Carbon and oxygen isotopic compositions of
Sphagnum stem cellulose (extracted following the
laboratory method by [67-69]) were analyzed at
every 1 cm, except for a few horizons with insuf-
ficient preserved stem macrofossils, using an ele-
mental analyzer—isotope ratio mass spectrometer
coupled system (Thermo Fisher Scientific Flash 2000
HT-MAT?253) housed at the Northeast Institute of
Geography and Agroecology, Chinese Academy of
Sciences. The typical analytical precision is 0.15%o
for 6"°C and 0.2%o for §'80. Recent studies sug-
gest that Sphagnum cellulose §°C (§'°Ccy) and
580 (6'80¢1) are potentially powerful paleoenvir-
onmental proxies from peatland archives, in partic-
ular when interpreting §'*C. and 580, data as a
pair [67, 70]. Specifically, Sphagnum 6>C.q has been
used as a moisture indicator [71, 72], and Sphagnum
0O, has been interpreted as a proxy for precipita-
tion 6180 (68 Oprecip) that contains composite climate
signatures [67, 73].

We combine the above multi-proxy data to inter-
pret past shifts in moisture conditions, focusing on
three centennial-scale climate intervals with previ-
ously established, regionally suitable time frames [4,
15]): MWP (1000-1300 CE), LIA (1400-1900 CE),
and the current warm period (CWP; since 1900 CE).
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Table 1. Summary of radiocarbon data. Post-bomb dates are reported in italics.

1C age ("*C year

BP + 1o) for pre-bomb  Calibrated age range (cal.

Dated date or ‘Fraction year BP, 20) for pre-bomb

depth Modern’ (F**C + 1) date or two possible ages

(cm) Lab number Dated material  §'>C (%o) for post-bomb date (CE) for post-bomb date

HT22-C1

11-12 UCIAMS-281047"  Sphagnum 1.0385 £+ 0.0016 1956, 2011-2013°
stems/leaves

18-19 Beta-683312° Sphagnum -28.7 1.0406 £ 0.0039 1956, 2010-2013
stems/leaves

25-26 UCIAMS-281048 Sphagnum 75+ 15 255-226, 140-112, 73-35
stems/leaves

38-39 UCIAMS-281049 Sphagnum 75+ 15 255-226, 140-112, 73-35
stems/leaves

54-55 UCIAMS-281050 Sphagnum 320+ 15 450-351, 335-310
stems/leaves

68—69 UCIAMS-281051 Sphagnum 830 £+ 15 772-760, 745-686
stems/leaves

90-91 UCIAMS-281052 Sphagnum 1455 + 15 1365-1305
stems/leaves

HT22-C2

14-15 UCIAMS-281053 Sphagnum 1.0223 £+ 0.0026 1955-1956, 2013-2017¢
stems/leaves

20-21 Beta-683313 Sphagnum -26.9 1.3332 £ 0.0050 1962d, 1976-1978°
stems/leaves

27-28 UCIAMS-289313 Sphagnum 1.0016 £ 0.0015 1954-1955%, 2019
stems/leaves

34-35 UCIAMS-281054 Sphagnum 30 £ 15 246-229, 135-116, 60—42
stems/leaves

43-44 Beta-683314 Sphagnum -28.1 1550 + 30 1520-1363
stems/leaves

49-50 UCIAMS-281055 Sphagnum 1780 £ 15 1715-1691, 1671-1619
stems/leaves

62-63 UCIAMS-281056 Sphagnum 2515+ 15 2724-2695, 2639-2613,
stems/leaves 2594-2499

2 UCIAMS: Analysis completed at the Keck-CCAMS Laboratory at the University of California, Irvine, USA.
" Beta: Analysis completed at the Beta Analytic Testing Laboratory, Miami, USA.

¢ Selected post-bomb ages.

4 This age is much less likely than the other based on the general relationship between cumulative peat mass and peat age [75, 76].

3. Results

Radiocarbon dates and age-depth models are presen-
ted in table 1 and figure 3. Briefly, both cores contain
multiple post-bomb (after 1950 CE) dates that anchor
the chronology for near-surface peat [74]. HT22-Cl1
dates back to about 1400 years before present (present
is 1950 CE) with stable peat accumulation rates.
The relatively shorter HT22-C2 dates further back to
about 2700 years before present, with a long interval
of very slow peat accumulation at 27-35 cm depth.
Its chronology is well-constrained before 1400 years
BP and after 1950 CE but is poorly resolved dur-
ing the MWP and LIA. As such, time series of peat-
core data from HT22-C2 should be interpreted with
extreme caution for this interval. Fortunately, con-
catenating the data from two cores still allows us to
obtain a continuous proxy dataset spanning the past
2700 years.

The OM content averages 90% in both cores
(figure S2), indicating pure peat accumulation
without any mineral-rich layers. For HT22-Cl, the
AFBD averages 0.08 g cm™>, generally increasing with
depth due to decomposition and compaction (figure
S2(a)). The long-term apparent carbon accumula-
tion rate is about 27.7 g C m2 yr~!. There is a distinct
layer of high AFBD and low OM content at 15-20 cm
depth (figure S2(a)). However, we cannot confid-
ently constrain the chronology of that layer because
its bottom has a pre-bomb age that ranges by more
than 200 years after calibration (UCIAMS-281048;
table 1). For HT22-C2, the AFBD averages 0.1 g cm™
and is highest, about 0.2 g cm™>, at the section of
slow peat accumulation (figure S2(b)). The long-
term apparent carbon accumulation rate is about
11.8 g C m™? yr''. A similar distinct layer of high
AFBD and low OM content is also present at 16—
19 cm depth (figure S2(b)). Importantly, this layer
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Figure 3. Age-depth models of cores (a) HT22-C1 and (b) HT22-C2, generated from the Bacon program [55]. The section
thickness (thick) was set to 3 cm, and other prior parameters were set to default.

has a precisely constrained chronology by two post-
bomb dates, showing a clearly decreased carbon accu-
mulation rate superimposed on the increasing trend
toward the core top, where peat has experienced a
shorter time of aerobic decomposition (figure S3(b))
[75, 77, 78].

Macrofossil data indicate that the botanical com-
position of peat is dominated by Sphagnum moss
fragments throughout both cores (averaged at a
volume ratio of >60%), specifically by S. section
Sphagnum such as S. magellanicum (figure S2). The
rest of the material is mostly fragments from herb-
aceous and ligneous vegetation types (figure S2).
However, we did not identify these vascular plant
macrofossils to the species level. Polytrichum moss
(Polytrichum cf. strictum/commune) fragments com-
monly found in very dry peatland habitats and char-
coal are of minor importance (figure S2). However,
these are perhaps the most straightforward macro-
fossil types as moisture indicators. Their abundances
show notable variations in both cores, being relatively
abundant in some intervals and absent in others
(figure 4(d)).

Sphagnum §'3C values, after a simple ‘Suess effect’
correction (following the method by [80]), range
from —30.8%o0 to —27.0%o in HT22-Cl and from
—29.6%0 to —25.7%o in HT22-C2 (figure 4(c)). There
are minor centennial-scale variations during the last
millennium in well-dated HT22-C1, and shifts of
much larger magnitude to lower §'°C values dur-
ing the CWP in both cores (figures 4(c) and 5(e)).
Sphagnum 6'80. values show large variations, from
12.5%0 to 19.3%o in HT22-C1 and from 13.3%o to
19.4%o in HT22-C2 (figure 4(a)). There are major
shifts to lower §'80. values during the LIA in well-
dated HT22-C1 and during the CWP in both cores
(figures 4(a) and 5(c)).

4, Discussion

4.1. Moisture changes before the CWP

It has been well established that Sphagnum 6*C.q
is a proxy for local Sphagnum wetness [70, 82—
84]. Our §"3C,q data indicate small-magnitude shifts
(1%0) to drier conditions (lower §C.. values)
during the MWP as well as the earlier Sui-Tang
Warm Period (STWP; 541-760 CE) of China [85,
86], and slightly wetter conditions (higher §'*Ccy
values) during the LIA (figure 4(c)). Compared to
previous studies that undertook the same type of
proxy analysis (using Sphagnum stem materials) [67,
71, 72, 87], our record is unique for its persist-
ently low values of §°Cc, close to the driest end
(about —29%o; after the 2%o ‘Suess effect’ correction)
found in modern Sphagnum mosses [70]. Therefore,
it is likely that the §"°C.y proxy from such dry
sites has limited sensitivity to past shifts toward fur-
ther drier conditions. Nevertheless, our interpreta-
tions of moisture changes are supported by plant
macrofossil data. The abundances of dry-adapted
Polytrichum mosses and wildfire-produced charcoal
fragments increase from the STWP, remain high dur-
ing the MWP, and decrease to complete disappear-
ance during the LIA (figure 4(d)). These changes
are highly coherent with the pollen-based quantit-
ative precipitation reconstruction from Hulun Lake
located in the dryland region west of the Greater
Hinggan Mountains (figures 1(a)—(c) and 4(d)) [38],
which is one of the very few late-Holocene paleoen-
vironmental records close enough to our site for a
comparison.

Previous studies suggest that Sphagnum §¥O0.
is a proxy for §'"®Opep in precipitation-fed
peatlands [73, 88]. The §'®Oprecip signal is transferred
into plant tissues following a simple model:
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Figure 4. Hongtu peatland-based paleoenvironmental record over the past 2800 years. (a) Sphagnum §*¥O. from two cores
along with their LOESS (locally estimated scatterplot smoothing) curves. The data from HT22-C2 that temporally overlap with
HT22-Cl1 are plotted as open dots (without LOESS). Asterisks indicate 1*C dating horizons in two cores. (b) Global median

é 130pmip anomaly from the Iso2k database [79] and Northeast Asia composite § lsopmip z-score based on four speleothem sites
from temperate Northeast China and South Korea (figure 1(b)) [26]. (c) Similar to (a), but for ‘Suess effect’-corrected Sphagnum
83 Cea- (d) Polytrichum spp. and charcoal (plotted if more than 1%) percentages from two cores. Also shown is the pollen-based
precipitation reconstruction (inverted scale) from Hulun Lake (figures 1(a)—(c)) [38]. Top horizontal bars and dashed lines
through subplots correspond to major climate intervals mentioned in the main text.

6"80cal = 6"®Oprecip + A + € [82, 89], where A
represents a small leaf water evaporation (about 0—
3%o0) [89], and & represents the biochemical frac-
tionation (27%o) [90]. Prior to the CWP, the major
shift (>2%o) to lower 580 values during the LIA
after a long period of relatively higher values is highly
similar to the long-term trend in global §'8Oprecip
extracted from the newly available Iso2k database
(figures 4(a) and (b)), the latter of which has been
interpreted as reflecting temperature-driven global
water cycle changes [79]. From this coherent pattern
indicative of a common driver and the regional dom-
inance of the isotopic ‘temperature effect'—the pos-
itive correlation between temperature and 6**Opyecip
(figure 2) [91], we infer that our §'80, data mainly
reflect temperature-related changes in mean-state
6" Opyrecip during this period, whereas other changes,
such as the degree of evaporative enrichment (A) and
growing-season productivity (affecting the seasonal

bias in §'8O0y;; text S1), may play a secondary role
or contribute to amplifying the magnitude of the LIA
shift. Importantly, the lower 6'®Opyecip during the LIA
in our record contrasts with higher §'®Opyecip recon-
structed from multiple speleothem records from tem-
perate Northeast China and South Korea (figures 1(b)
and 4(b)) [26], or even from subtropical China
[92]. These speleothem-based studies have linked
higher § ISOprecip with lower ASM intensity or rainfall
[26, 93], that is, a drier condition during the LIA
in northern China (including temperate Northeast
China) [4, 15]. This anti-phased 6'® Opyecip shift indic-
ates that our study region was not directly affected
by large-scale temporal ASM dynamics, potentially
due to different moisture sources from ‘monsoonal
Asia’

Together, our new data document centennial-
scale moisture shifts closely linked to natural temper-
ature variability before the CWP, with warm—dry and
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cold—wet patterns that are likely persistent features
over inland Northeast Asia. This finding provides an
important constraint on large-scale spatiotemporal
climate patterns over Asia, which will be discussed in
section 4.3.

4.2. Drier conditions and summer desiccation of
Sphagnum mosses during the CWP

Our Sphagnum §3Cy and 680, data show dra-
matic and coupled shifts with an unprecedented rate
and amplitude during the CWP (figures 4(a) and (c)).
Specifically, §'*C.e values are lower by about 3%o and
580,11 values are lower by about 6%o during 1940—
2010 CE in HT22-Cl1, before returning to their pre-
shift levels after 2010 CE (figures 5(c) and (e)). There
are similar shifts of §'3C.y and 6'3Oc in terms of
the magnitude and temporal structure, but showing
a different time span of 1990-2010 CE (figures 5(c)
and (e)). Although we are confident that shifts to
lower §'°C values indicate drier conditions, the rapid
(decades-long), large-magnitude, negative (to lower
values) 6'%0 excursions shown in our record are
quite puzzling. To our knowledge, such recent %0
excursions are rarely found in other high-resolution
6" Opyrecip records in Asia or even globally, which are
mostly developed from speleothem archives [2, 92,
94, 95]. If we still adopt the aforementioned interpret-
ive framework attributing such shifts to temperature-
related changes in mean-state 6'®*Opyecip, these data
would suggest strong ‘cooling events, which are
refuted by multiple lines of evidence.

First, instrumental climate data, including
that from the >140 year-long Harbin station
(figures 1(a)-(c)) [81], show a gradually increas-
ing trend in temperature throughout the CWP
(figure 5(a)). Second, centuries-long tree-ring
580, records from the same region do not con-
tain the multi-decadal variability comparable to
our 0"¥0.y data (figure 5(d)) [39], which we
would expect to see if there were a major shift in
6" Oprecip linked to large-scale atmospheric trans-
ition. Additionally, isotope-enabled general circu-
lation models (GCMs) [53, 54] nudged by reana-
lysis products do not simulate any such variability in
6" Oprecip over the recent four decades (figure 5(d)).
Third, it is important to note again that the shifts to
lower §'80, values are asynchronous between the
two cores but are synchronous with large-magnitude
shifts to lower §'3C values in the respective cores,
meaning that the phenomenon is highly likely related
to local moisture dynamics (figures 5(c) and (e)).
There is a statistically significant positive correlation
between 'O and 6"°Cy data from HT22-C1
since 1850 CE, owing to their highly similar temporal
structure and long duration of shifts (figure 5(g)).
Therefore, we need to consider a previously unre-
cognized, novel mechanism that can reconcile three
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outstanding characteristics of 680 data during this
period: (i) large magnitude, (ii) tight coupling with
O3 Cea, and (iii) asynchrony in different cores.

Here, we propose that such dramatic and coupled
shifts to very low 680 and §'°Cgy values may
result from a strongly altered seasonal distribution
of Sphagnum moss growth. This mechanism is first
based on the observation that our study region has a
very large 6" Opyecip seasonality, with higher summer
values and lower winter values differing by up to 20%o
controlled by the same large temperature seasonality
(figure 2) [91]. Therefore, any subtle decrease in bio-
mass production during the summer and—in turn—
the relatively increased proportion of biomass pro-
duction using cold-season precipitation such as the
snowmelt during the earliest growing season, would
theoretically be sufficient to fingerprint much lower
580, signals even without a notable change in
mean-state §'®Oprecip [73, 96].

Second, this mechanism aligns with our under-
standing of plant physiology built in the literature.
For example, laboratory-based flux measurements
show that the photosynthesis of Sphagnum mosses
is highly sensitive to moisture availability, slowing
down steeply with decreasing water content without
immediate recovery after rewetting (or intermittent
precipitation events) [83, 97, 98]. Field-based growth
measurements also support that Sphagnum mosses
have an extended growing season compared to vascu-
lar plants [99-101], with some studies showing con-
centrated growth in spring and autumn due to sea-
sonally high surface wetness [102, 103], whereas sum-
mer growth can be substantially reduced in drier years
due to enhanced moisture limitation [104, 105].

Applying this interpretive framework, we can
use simple isotopic mass balance with modern end-
members of summer (June—August) and cold-season
(November—March) § ISOpredp to quantify the chan-
ging nature of Sphagnum growth that can explain the
observed magnitude of §'8Oy variability during this
period (figure 5(h) and text S1). We estimate that the
relative proportion of summer-to-annual Sphagnum
biomass production has varied from >79% to 17%—
65% in HT22-C1 and from >89% to 26%-73% in
HT22-C2, with exact values dependent on the type of
6" Oprecip inputs and the actual magnitude of evapor-
ative enrichment (figure 5(h) and text S1). We inter-
pret these pronounced reductions in summer growth
concurrent with much lower §'3C_ as reflecting pos-
sible decades of summer desiccation for Sphagnum
mosses under extremely low surface wetness.

We find that this interpretation is strongly sup-
ported by our multi-proxy data. For example, the
high-AFBD, low-OM content layers temporally coin-
cide with observed isotopic shifts in both cores
(figure 5(f)), indicating enhanced peat decomposi-
tion during the period of summer desiccation. For
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Figure 5. Response of Hongtu peatland to the anthropogenic warming. (a) Annual temperature record from the >140-year-long
Harbin station (figures 1(a)—(c)) [81] and the local Xinlin station with their 5-year averages (thick lines). (b) Similar to (a), but
for annual precipitation, in which two relevant periods of decreasing precipitation are highlighted. (c) Sphagnum §'8Oq from
two cores. Asterisks indicate their 4C dating horizons. Horizontal bars correspond to the inferred periods of summer desiccation
for Sphagnum mosses. (d) Mongolian pine (Pinus sylvestris var. mongolica) §'® O record from the Greater Hinggan Mountains
(figures 1(a)—(c)) [39] and amount-weighted mean annual § ISOprecip at Hongtu peatland simulated from two nudged
isotope-enabled GCMs LMDZ4 [53] and IsoGSM2 [54] during 1979-2021 CE, along with their 5 year averages (thick lines). (e)
Similar to (c), but for ‘Suess effect’-corrected Sphagnum §'3Ceey. (f) Polytrichum spp. macrofossil percentage, OM content, and
AFBD from two cores. (g) Scatter plot and correlation statistics between Sphagnum ¥ and corrected 6'>C, data from two
cores since 1850 CE. (h) Amount-weighted summer (June—August) and cold-season (October—April) § lf‘opmip at Hongtu
peatland, estimated from the Online Isotopes in Precipitation Calculator (OIPC) [52] and two GCMs (LMDZ4 and IsoGSM2),
are compared with the ranges of inferred Sphagnum moss source water §'30 of two cores (since 1850 CE) assuming no or
maximum (3%o) evaporative enrichment effect (text S1).

HT22-C2, this layer has a tightly constrained chrono-
logy and further shows decreased carbon accumula-
tion rates, supporting impaired carbon sink function
consequent to summer desiccation (figure S3(b)).

Additionally, dry-adapted Polytrichum mosses have
become more abundant from absence since then
(figures 5(f) and S2). A separately sampled peat core
at the same site also has shown an unprecedented,
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recent transition of testate amoebae community to
dry taxa dominance, but the high-resolution chrono-
logy of the transition is not available in that study
[106].

Instrumental climate data show no conspicu-
ous long-term trend of regional precipitation, but
there are two periods of gradually decreasing pre-
cipitation from 1930-1980 CE and 1990-2010 CE
that temporally overlap inferred periods of summer
desiccation (figures 5(b) and (c)). Therefore, we can
reasonably hypothesize that the summer desiccation
of Sphagnum mosses likely represents a threshold
response to a trajectory of intensified surface drying
driven by both decreasing precipitation and increas-
ing evapotranspiration under rapid anthropogenic
warming at a magnitude of up to 4 °C (figure 5(a)),
but the asynchrony still implies that the exact tim-
ing of threshold response is likely modulated by local
factors. In our case, we find that the late inception of
threshold response in HT22-C2 until 1990 CE might
be related to a locally wetter condition, as reflected
in the relatively higher §'*Cy values (figure 5(e)),
and a lower drainage rate based on the higher AFBD
(thus lower hydraulic conductivity [107, 108]) in
shallow peat (figure S2). Finally, our isotopic records
also document that Sphagnum mosses can quickly
and successfully recover from summer desiccation
after 2010 CE under slightly increased precipitation
(figures 5(b), (c) and (e)). This phenomenon may
indicate the high sensitivity of Sphagnum growth
conditions to moisture availability or may provide
rare, observational evidence for the resilience of peat-
lands previously conceptualized in theoretical mod-
eling studies [109-112]. These studies have sug-
gested that peatlands can mitigate drying through
self-dampening ecohydrological feedbacks, specific-
ally through complex interactions among water table
behaviors, plant production, peat decomposition,
and permeability [112].

In summary, our multi-proxy data document
profoundly drier conditions associated with dramatic
pressures on peatland ecosystems during the CWP.
This description differs from some previous studies
that simply suggests a weak ‘long-term’ wetting trend
in Northeast China, based on their statistical analysis
of national-scale instrumental datasets available only
after the 1960s CE [113-115].

4.3. Broad implications

The ‘drier MWP’ and ‘wetter LIA’ documented in our
record align with the climate pattern identified across
‘westerlies Asia’ but contrast with those in ‘mon-
soonal Asia’ (figure 6) [4, 15]. Therefore, our study
is important in revealing the dominant role of mid-
latitude westerlies, rather than the low-latitude ASM,
in propagating continent-scale moisture anomalies
to inland Northeast Asia during the pre-industrial
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era, at a greater distance (>1000 km) than previously
recognized. This inference is corroborated by the
aforementioned evidence of anti-phased 5180pmip
shifts with ‘monsoonal Asia’ (figures 4(a) and (b)),
challenging the literature that simplistically describes
this region as being on the marginal reach of the ASM
(32, 34, 116, 117].

The ‘drier CWP’ documented in our record is
also in part consistent with the pattern identified in
multiple proxy records across ‘westerlies Asia’ [118—
120]. However, since the 1960s CE, many instru-
mental records of ‘westerlies Asia’ indicate a stat-
istically significant trend of increasing precipitation
[113], drawing wide interest and discussion about its
mechanisms [121, 122], whereas the same wetting
trend is quite weak and not statistically significant in
inland Northeast Asia (figure 6). In contrast, instru-
mental records indicate that ‘monsoonal Asia’ has
become drier over the last several decades (figure 6),
with proxy records suggesting that this drying trend
might persist throughout the CWP, despite being wet-
ter during the MWP [86, 123].

That said, the actual mechanisms driving the spa-
tially opposite moisture anomalies between ‘wester-
lies Asia’ and ‘monsoonal Asia’ as well as the shift-
ing temperature-moisture relationships between nat-
ural and anthropogenic climate warming are beyond
the scope of this study. These have been previously
linked to large-scale ocean—atmosphere systems [15,
124] and responses to different external forcings [86,
125], respectively.

Finally, our study underscores the potential vul-
nerability of carbon-rich ecosystems over vast inland
Northeast Asia not only to ongoing and future cli-
mate warming that can exacerbate the impacts of
droughts but also to westerlies teleconnection that
can spread drought signals widely over the entire
Eurasian interior. This remark is in line with an
emerging body of recent literature. For example,
tree-ring records from Mongolian drylands reveal
an abrupt shift beyond a tipping point to wide-
spread soil moisture deficit in the 1990s CE due to
enhanced land-atmosphere feedback [20], which may
have already left spatially extensive, significant con-
sequences for the function of terrestrial ecosystems.
Additionally, warming-induced snowmelt advance
and atmospheric circulation reorganization are con-
sidered the key drivers for recent widespread extreme
forest fire years over northeastern Siberia [126]. Here,
we document a complex sequence of responses fea-
turing heterogeneous transitions into plant desic-
cation, threshold-like behavior, and possible long-
term resilience from a moisture-sensitive peatland to
multidecadal-scale warming-enhanced drying. These
examples all point to both the severity and pervas-
iveness of anthropogenic climate change impacts on
regional terrestrial ecosystems.
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Figure 6. Spatial patterns of moisture changes in Asia during the Little Ice Age (LIA) relative to the Medieval Warm Period
(MWP) based on the previous paleo-data compilation [4] supplemented with several new sites from Northeast China (table S1)
[38, 58, 128-131], and of bias-corrected annual precipitation trend in China during 1961-2016 CE with areas of statistically
significant changes stippled (after [113]). The dashed line indicates the modern boundary of the ASM as in [4].

Although significant questions remain regard-
ing the rhythm, spatial extent, magnitude, and
carbon-cycle consequences of regional climate change
impacts due to a paucity of observational datasets and
carbon storage measurements [43, 127], our study
demonstrates the value and promise of paleoecolo-
gical records in providing a long-term context for
understanding the trajectory of ecosystem responses
to global changes relevant for planning future mitig-
ation and adaptation strategies.
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