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ARTICLE INFO ABSTRACT

Keywords: Soil in high latitude and altitude cold regions contains over half of soil organic carbon (SOC) globally, so the
Climate warming decomposition of these SOCs under climate warming could release huge amounts of carbon dioxide to the at-
Climax

mosphere, amplifying climate warming. However, it is still unclear how the SOC storages will change when the
ecosystem reaches the final and stable stage (i.e., the climax) under long-term warming. This is mainly because
the turnover times of SOC in cold regions exceeds hundreds or even thousands of years, much longer than the
periods of simulated warming experiments. Herein we used natural geothermal warming gradients in a Tibetan
alpine grassland to determine SOC changes and underlying plant and microbial mechanisms at the potential
climax. SOC concentrations were significantly decreased by 21.4%-30.6% under high-level soil warming
(+4~+6 °C), but remained unchanged under low-level soil warming (+2 °C). The losses of SOC were primarily
from mineral-associated organic carbon, rather than unprotected particulate organic carbon. The shifts of mi-
crobial communities and associated decline of microbial carbon use efficiency, rather than plant-driven carbon
fluxes, substantially contributed to the SOC changes. This observed SOC losses at the climax of alpine grassland
by high-level warming provide strong empirical support for the positive soil carbon-climate feedback in cold
regions, which could not be concluded from short-term experiments or only based on ecosystem carbon fluxes
alone. The divergent responses of SOC to different degrees of warming suggest that models must account for
these heterogeneous carbon dynamics for projecting future climate warming scenarios.

Soil organic carbon
Microbial community
Cold regions

1. Introduction global climate warming (Heimann and Reichstein, 2008). In recent de-

cades, intensive studies document warming effects on soil carbon and

Soil stores vast quantities of organic carbon, with roughly
1100-1700 Gt of SOC in high latitude and altitude cold regions (i.e., the
Tibetan Plateau alpine grassland and Arctic tundra) (Schmidt et al.,
2011; Hugelius et al., 2014; de Vrese and Brovkin, 2021). Thus, even
small losses from these SOC stocks would result in significant increases
in atmospheric carbon dioxide concentrations, further intensifying
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associated plant and microbial mechanisms. Generally, warming could
increase soil carbon inputs by alleviating enzymatic limits on photo-
synthesis (Reich et al., 2018), enhancing plant productivity, and pro-
moting root depth (Y. Wu et al., 2021; Zhang et al., 2016). However,
warming could also increase evapotranspiration and decrease soil
moisture, thus slowing down the growth of plants and limiting
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plant-derived carbon in the soil (Li et al., 2018). The different responses
of plants to warming might be depended on multiple factors based on the
multiple limitation theory (Reich et al., 2018). Meanwhile, soil micro-
bial community is also a crucial factor influencing soil carbon cycling
and could respond diversely to climate warming (Liu et al., 2019). Some
studies indicate that warming could stimulate SOC decomposition and
microbial respiration (Meng et al., 2020), while others suggest that
warming might reduce soil moisture supply, thereby inhibiting micro-
bial respiration (Fang et al., 2018) and enzyme activity (Garcia-Palacios
et al., 2018). The contrasting responses of microbial-mediated carbon
cycling processes to warming contribute to significant uncertainties in
predicting the impacts of climate warming on soil carbon storages
(Hararuk et al., 2015).

Until now, whether climate warming results in a net SOC loss re-
mains uncertain (Todd-Brown et al., 2018; van Gestel et al., 2018).
Recently, a study reported that two decades of warming led to signifi-
cant losses of surface soil carbon in an alpine ecosystem possibly due to
warming inhibiting microbial pathways to soil carbon formation and/or
stimulate microbial use of heavy fraction carbon (Chen et al., 2023).
However, a meta-analysis of 74 warming experiments ranging from 5
years to 20 years indicated that warming had a minor effect on surface
soil organic carbon in alpine ecosystems on the Tibetan Plateau (Chen
et al., 2022b). Such uncertainty may have been partly due to that the
durations of most experimental studies are still much shorter than soil
carbon turnover times, especially in high latitude and altitude cold
regions.

In most ecosystems, soil carbon turnover times vary from decades to
hundred years, which are dependent on the combined effects of vege-
tation type, climate, soil and land use (Erb et al., 2016; He et al., 2016;
Wang et al., 2018). Due to low temperatures which constrain microbial
SOC mineralization in cold regions, soil carbon turnover times could be
more than 500 years in the Tibetan Plateau alpine grassland and Arctic
tundra (Wu et al., 2021). Given that most warming manipulation ex-
periments limit their durations to one or two decades (Crowther et al.,
2016), the observed effects of warming on SOC in these cold regions are
likely in the initial stage rather than in the final and stable stage (i.e., the
potential climax). Definitely, it will lead to great uncertainties when
future changes in SOC were projected by only using these short-term
observations. Therefore, there is a great need to conduct longer-term
warming studies in these cold regions in order to better understand
SOC change at the potential climax after long enough periods of
warming.

Cold regions in high latitudes and altitudes have experienced more
rapid climate warming, whose rate is more than twice the global average
in the past 50 years (Chen et al., 2013; Cohen et al., 2014; Jia et al.,
2017). Therefore, 21st-century warming in these regions could exceed
3-4 °C with a high probability, even if Paris Agreement 1.5 or 2 °C goals
could be met. However, due to energy supply limitation in high latitude
and altitude cold regions, most in situ warming experiments only have
been designed to impose low levels of warming (1-2 °C) to test
ecosystem responses (Zhou et al., 2012; Collins et al., 2021; Qi et al.,
2021; Chen et al., 2022b). Low- and high-levels of warming can diver-
gently alter soil temperature, water content, nutrient availability, and
vegetation coverage and composition, which may result in different
changes of soil carbon cycling (Wang et al., 2020, 2021). A short-term
warming experiment documented that 2 °C warming didn’t alter the
carbon sequestration capacity of alpine grassland, but 4 °C warming
significantly shifted the ecosystem from a net carbon sink to a net carbon
source (Zhu et al., 2016). However, how different warming levels affect
SOC in longer periods of time is still poorly understood. Evidence for
how SOC in cold regions shifts under different warming levels would
identify possible tipping points of ecosystem response to climate
warming. A deeper understanding and quantification of SOC changes in
response to varying warming levels would therefore be needed to
accurately predict future climate warming scenarios.

One possibility to study the final and stable stage of SOC in cold
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regions with large warming gradients is to use ecosystems affected by
natural geothermal activity (Sigurdsson et al., 2016). In this study, we
used an in situ natural warming study in Qinghai-Tibetan Plateau to
determine the SOC changes and underlying plant and microbial mech-
anisms. The study exploits geothermal hot springs (100°32'26" E, 37°9'1"
N; 3436 m above sea level) in an alpine grassland that have soil tem-
perature gradients from ambient temperature to +6 °C (Supplementary
Figs. 1a—c). The warming gradients around the hot springs are confined
to a small area (i.e., radius <25 m), and thus are free of the usual con-
founding effects of biogeographical variations or other environmental
gradients (O’Gorman et al., 2014; O’Gorman et al., 2017). According to
local legends and historical records (Li and Wang, 1994), these
geothermal hot springs have been present stably for at least one thou-
sand years, which is confirmed by soil 1*C age estimation. It provides a
unique platform for assessing SOC at the potential climax under
warming in the cold regions that hold large carbon storages (Intergov-
ernmental Panel on Climate, 2014). Here we took soil samples (0-15
cm) from ambient, +2 °C, +4 °C and +6 °C warmed plots along the
warming gradients around the geothermal hot springs in 2020 and 2021
(Supplementary Fig. 1c). Our results revealed that high-level warming
significantly decreased SOC especially for mineral-associated organic
carbon (MAOC), which was substantially due to the shifts of microbial
communities and associated decline of microbial carbon use efficiency
under high levels of warming.

2. Materials and methods
2.1. Site description and sampling

The study site is located in a typical alpine grassland ecosystem of the
Qinghai-Tibet Plateau in China at 3436 m above sea level (100°32'26" E,
37°9'1" N). This cold region has a continental monsoon climate with a
mean annual precipitation of 389 mm and a mean annual temperature of
0.1 °C, according to the climatological survey data from 1981 to 2010 of
the closest (<20 km away) synoptic station in Gangcha County, Qinghai,
China (http://www.nmic.cn/). The alpine grassland is dominated by
Kobresia humilis, Astragalus tanguticus, Potentilla pamiroalaica, and Plan-
tago major. Geothermal hot springs cause stable temperature gradients in
the surrounding soil ranging from ambient temperature (mean August
temperature from 2020 to 2021: 14.5 £+ 0.2 °C at 10 cm depth) to +6 °C
above ambient. Based on locals with long memories, relatively stable
warming induced by geothermal hot spring activity has been present for
at least 100 years while likely beyond 1000 years according to the his-
torical records (Li and Wang, 1994). Soil radiocarbon A l4c analysis for
the surface sample (15 cm depth, <0.5 m away from geothermal hot
springs) indicated that soil carbon has an age of 1250 years.

In this study, 6 transects in different directions were set along 6
replicated soil temperature gradients, and 4 field plots (ambient tem-
perature, +2 °C, +4 °C and +6 °C warmed plots) were set in each soil
temperature gradient within <25 m away from geothermal hot springs
(Supplementary Fig. 1c). Therefore, these warmed field plots in these
temperature gradients could be considered to represent SOC at the po-
tential climax after a minimum of 1000 years of sustained warming with
each gradient as a replicate block. Among all replicate blocks (n = 6),
ambient temperature plots were similar in plant community composi-
tion, microbial biomass carbon, soil pH, moisture, ammonium, nitrate,
total phosphorus, soil organic carbon and total nitrogen. We collected 24
soil samples in August 2020 and 2021, respectively. Specifically, each
soil sample (0-15 cm depth) was taken from each ambient temperature
plot or each warmed gradients plot. For each plot, three soil cores (2.5
cm diameter x 15 cm depth) were collected by a soil sampler tube and
composited into one sample. Thus, a total of 48 soil samples were ob-
tained from all ambient temperature and warmed plots.
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2.2. Field measurements and ecosystem carbon fluxes

Soil temperature and moisture at the depth of 10 cm were measured
in situ in each ambient temperature or warmed plot by using a portable
soil temperature and moisture meter. Ecosystem carbon fluxes were
measured in situ in each plot during the growing season in August 2023,
including net ecosystem CO; exchange (NEE), ecosystem respiration
(ER) and gross primary productivity (GPP). Specifically, a portable
photosynthesis system (TARGAS-1, PP Systems, Amesbury, MA, USA)
was used to determine NEE with a transparent chamber (30 cm x 30 cm
x 30 cm), which covered all of the vegetation on the surface. Subse-
quently, ER was measured with the same method except that the
transparent chamber was covered as a dark chamber with light shading
material. All of these measurements were performed once or twice for
each plot between 10:00 and 15:00 (local time). GPP was estimated as
the difference between NEE and ER.

2.3. Bulk soil analysis

All soil samples were sieved with a 2-mm mesh to separate soil from
plant roots and stones immediately after transportation to the laboratory
at 4 °C. Roots with >1 cm length passed through the sieve were also
removed from the soils with forceps. To determine SOC concentration,
1-g sieved soil was ground in ball mill for 24 h to about 100 mesh and
analyzed by an Analytik Jena Multi N/C 3100 TOC analyzer. Microbial
biomass carbon (MBC) was measured from all field fresh soil samples by
using the chloroform fumigation extraction method (Soong et al., 2021).
Briefly, one 10-g subsample was extracted by shaking in the 0.05 M
K2SO4 solution for 1 h and then filtering with a Whatman #1, ash-free
filter. The other 10-g subsample was fumigated with chloroform under
vacuum for 3 days and then extracted in the above way. The extracts
were analyzed for total organic carbon by an Analytik Jena Multi N/C
3100 TOC analyzer. MBC was calculated as the difference between the
chloroform-fumigated and nonfumigated concentrations (Soong et al.,
2021). To determine 8'3C (%) in SOC, 2-g sieved soil was ground with
stainless steel balls on a roller mill for 24 h and fully reacted with 0.5 M
HCI until soil inorganic carbon being completely removed. Then, the soil
samples were ultrasonically treated and freez-dried to constant weight.
Finally, the 5'3C (%o) in SOC was analyzed by a Flash Combustion-Cavity
Ring-Down Spectroscopy (CM-CRDS) Analyzer for all soil samples.
Radiocarbon analysis was performed to estimate soil carbon age for one
surface sample (15 cm depth, <0.5 m away from geothermal hot
springs) by using 1-g dried soil in Xi ‘an Accelerated Mass Spectrometry
Center. Abundance of *C was measured using an IonPlus 200 keV
MICADAS accelerator mass spectrometer (Cheng et al., 2013).

In addition to these soil carbon measurements, more soil chemical
factors were determined in this study. Soil total nitrogen (TN) concen-
tration was measured by using a Haineng K9840 Automatic Kjeldahl
Azotometer (Liu et al., 2019). To measure soil ammonium and nitrate
concentrations, 2-g field-moist sieved soil was suspended in a 2 M KCl
solution and then analyzed using a Netherlands SKALAR San++ flow
analyzer. Total phosphorus in soils was determined spectrophotomet-
rically after digestion by HNO3 and HClO4 acid at 2000 °C with a sub-
sample of 2-g field-moist sieved soil. Soil pH was measured using a pH
meter with a calibrated combined glass electrode at a soil-to-water mass
ratio of 1:2.5.

2.4. Soil organic carbon fractionation

To evaluate the responses of different SOC fractions to different
warming levels, SOC in all soil samples was further separated into par-
ticulate organic carbon (POC, light fraction) and mineral-associated
organic carbon (MAOC, heavy fraction), following a modified density
fractionation technique (Liu et al., 2009; Rodriguez et al., 2014). Briefly,
5 g of each sieved (<2 mm) soil sample was weighed in a 50 mL
centrifuge tube, and 60 mL of 1.8 g cm ™2 Nal solution was added in the
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centrifuge tube. Then, all samples were shaken at 300 rpm for 2 h after
dispersion by ultrasonication at 300 W and 40 KHz (SB25-12DTDN,
Ningbo, China), and centrifuged at 3000 g for 15 min. After centrifuging,
all samples were allowed to stand for 24 h, and then the supernatant
(light fraction) was collected by pipetting. The procedure was repeated
three times for each sample to ensure complete recovery of the light
fraction. The sediment (heavy fraction) was collected in a new centri-
fuge tube. Subsequently, both the light fraction and the heavy fraction
were washed by deionized water, over-dried at 60 °C to a constant
weight, and then finely ground with stainless steel balls. Finally, SOC
contents in the light and heavy fractions were determined using an
Analytik Jena Multi N/C 3100 TOC analyzer.

2.5. Soil microbial carbon metabolic activity

To determine soil microbial metabolic activity under different
warming levels, all 24 soil samples collected in 2021 were used to
perform a short-term incubation experiment in the laboratory. Specif-
ically, 5 treatments were set for each sample as follows: soil without any
carbon substrates, soil with 8 mg glucose, soil with 8 mg cellulose, soil
with 8 mg starch, and soil with 8 mg lignin. Thus, we filled each of 5
brown incubation flasks with 8 g soil and corresponding carbon sub-
strate for each sample. After soil mixed fully with carbon substrates, the
brown incubation flasks were sealed with rubber stoppers and incubated
at room temperature for 30 days. Gas samples were collected from the
headspace of the flasks, following ventilation and resealing for 1 h, in 1,
3, 5, 7, 10, 14, 20 and 30 days after addition of carbon substrates
(Supplementary Figs. 2a—e). The concentration of CO, was measured
with a GXH-3010E1 infrared CO2 analyzer. We calculated mass-specific
microbial respiration (pmol CO; gC,’,n}C hh by multiplying CO2 con-
centrations by bottles volume, then divided by the product of MBC, soil
weight and time (Walker et al., 2018).

2.6. Microbial community analysis

Soil total DNA was extracted from 1-g soil and purified with a
DNeasy PowerSoil Pro kit (Qiagen, Valencia, CA) according to the
manufacturer’s protocol. DNA quality was evaluated by a NanoDrop
ND-1000 Spectrophotometer (NaoDrop Technologies, Wilmington,
USA) on the basis of 260/280 nm and 260,/230 nm absorbance ratios. All
samples had 260/230 ratios >1.7 and 260/280 ratios >1.8. All DNA
samples were stored at —80 °C until sequencing analysis.

Soil microbial community structures were analyzed using amplicon-
based sequencing of 16 S ribosomal RNA genes for bacteria and archaea,
and internal transcribed spacers (ITSs) for fungi. PCR amplification, li-
brary preparation and sequencing were performed in Magigene
Biotechnology (Guangzhou, China). Specifically, the V4-V5 hypervari-
able region of bacterial and archaeal 16 S rRNA genes was amplified
from 10 ng of DNA template with the universal primer set 515 forward
(5- GTGYCAGCMGCCGCGGTAA-3) and 926 reverse (5- CCGY-
CAATTYMTTTRAGTTT-3") (Parada et al., 2016). The universal primer
set ITS 5 forward (5-GGAAGTAAAAGTCGTAACAAGG-3) and ITS1
reverse (5-GCTGCGTTCTTCATCGATGC-3') was used to amplify fungal
ITS sequence between 5.8 S and 28 S rRNA genes (Gu et al., 2017). A
two-step PCR amplification method was used for library preparation to
improve sequence representation and quantification (Wu et al., 2015;
Guo et al., 2018; Yuan et al., 2021). First, 10 ng DNA from each sample
was PCR-amplified for 10 cycles in triplicate in a 25 pl reaction volume
with the primer sets for 16 S rRNA genes or ITS. The obtained triplicate
PCR products were pooled, purified and eluted in 30 pl deionized water.
In the second PCR amplification, 15 pl of the PCR products obtained
from the first PCR amplification were PCR-amplified as template with
primers containing sample-specific barcodes for 25 cycles. Subse-
quently, all PCR products were cleaned up and quantified by PicroGreen
using a FLUOstar Optima fluorescence plant reader (BMG Labtech). PCR
products from different samples were pooled at equal molality, and
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sample libraries for sequencing were prepared according to the Illumina
Nova Reagent Kit Preparation Guide. Finally, the mixed libraries were
sequenced on Illumina Nova 6000 platform using 2 x 250 paired-end
sequencing kit.

The raw reads of 16 S rRNA gene and ITS sequences were processed
using an in-house pipeline. Briefly, the paired-end sequences were
merged using FLASH (Magoc and Salzberg, 2011) after the primer se-
quences trimmed. Any merged sequences containing ambiguous bases or
with a length of <330 bp for 16 S rRNA genes and <220 bp for ITS se-
quences were further removed. Subsequently, the high-quality 16 S
rRNA gene or ITS sequences were used to generate zero-radius opera-
tional taxonomic units (zOTUs) by UNOISE3 (Edgar, 2018). To
normalize samples to the same sequencing depth, 34,522 sequences for
the 16 S rRNA gene and 46,778 sequences for the ITS were randomly
selected for each sample. The representative 16 S rRNA gene sequences
were taxonomically annotated by USEARCH 11 with Silva 132 Database
(Glockner et al., 2017) at a confidence cutoff of 50%, and chloroplast
and mitochondria were further removed from the bacterial profiles.
Taxonomic classification of ITS representative sequences were per-
formed by taxonomically annotated with USEARCH 11 with UNITE
Database (Version of 18.11.2018) (Nilsson et al., 2019) at a confidence
cutoff of 50%.

2.7. Statistical analyses

Soil carbon/nitrogen pools and microbial physiology were analyzed
using standardized linear mixed effects models to assess the effects of
warming after accounting for the effects of the other key environmental
factors (i.e., soil moisture and pH). The R packages lme4 and lmerTest
were used to implement linear mixed effect models (Bates et al., 2015)
with transect (that is, block) as a random intercept term. Since all
ambient temperature and warmed plots had repeated measurements of
SOC, total nitrogen (TN), 8'3C, POC and MAOC in 2020 and 2021,
sampling time (year) was also considered as a fixed effect in linear mixed
effects models (y ~ warming level x moisture x pH + year + (1|block)).
Effect sizes of warming or the other environmental factors were repre-
sented by the regression coefficients (§ values) in linear mixed effects
models. We also tested alternative models for SOC in which the effects of
warming and sampling year were only considered as fixed effects (y ~
warming level x year + (1|block)). In addition, the effects of warming
on SOC in each year were tested singly by linear mixed effects models (y
~ warming level+ (1|block)). All of these models indicated that there
were significant warming effects on SOC concentration. Since the
measurements of mass-specific microbial respiration were only per-
formed for samples obtained in 2021, the following linear mixed effects
models (y ~ warming level+ (1|block)) were used to test warming ef-
fects on mass-specific microbial respiration without or with carbon
substrates. Due to the measurements of GPP, ER and NEE only in 2023,
the following linear mixed effects models (y ~ warming level+ (1 |block)
or y ~ warming level x moisture x pH + (1|block)) were used to test
warming effects on these ecosystem carbon fluxes. Paired t-test was
performed to examine the significance of difference between the
ambient temperature controls and different warming levels. The re-
lationships of SOC concentration with different soil carbon pools (i.e.,
POC, MAOC and 513C) were examined using Pearson correlation.

All statistical analyses for soil microbial communities were carried
out using R software 3.1.1 with the package vegan (Oksanen et al.,
2013) unless otherwise indicated. The effects of warming and the other
key environmental factors (i.e., soil moisture and pH) on bacterial and
fungal community structures was tested by the permutational multi-
variate analysis of variance (Adonis) based on Bray-Curtis dissimilarity
matrices (Kruskal, 1964) considering the blocked design and repeated
measurements. Principal coordinate analysis (PCoA) was further used to
visualize the differences of bacterial and fungal community structure
under ambient temperature control and different warming levels in a
two-dimensional ordination space. Linear mixed effects models were
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used to test the warming effects on the relative abundance of bacterial
and/or fungal phyla. And the top 10 abundant bacterial or fungal phyla
were represented to show the shifts of phylum abundance in different
warming levels. Redundancy analysis (RDA) was performed to assess the
linkage between microbial communities and environmental factors. For
individual environmental variable, soil carbon pool or microbial respi-
ration, we performed Mantel tests to examine their correlations with
microbial community structure (999 permutations).

3. Results and discussion
3.1. Soil organic carbon under warming

SOC concentrations were measured in all ambient temperature and
warmed plots in this natural warming experiment of alpine grassland.
Standardized linear mixed effects models indicated that warming
significantly affected SOC concentration in both 2020 and 2021 (f =
—0.726~-0.464, P < 0.001; Supplementary Table 1). Significant
warming effects were still observed when combining the two years of
data together after accounting for the effects of soil moisture, pH
(7.76-9.81) and year (p = —0.687, P < 0.001; Fig. 1a and Supplemen-
tary Table 2). The similar effects of warming were observed on soil total
nitrogen (f = —0.687, P < 0.001, Supplementary Table 2). Intriguingly,
different warming levels led to completely different changes of SOC
concentration (Fig. 1a). Specifically, there were no significant differ-
ences of SOC concentration between ambient temperature and +2 °C
warmed field plots potentially after more than one thousand years of in
situ warming, which is consistent with most observations under low-
level warming conditions (Ding et al., 2017; Chen et al., 2022b). In
contrast, the +4 °C warmed plots had significantly lost 6.78 + 1.92 g C
kg ! soil compared to the ambient temperature control plots, a deficit of
21.4 £ 6.0% in SOC stored in the top 15 cm (Fig. 1a). More SOC loss was
observed in the +6 °C warmed plots, which is equal to 30.6 + 5.2% SOC
stored in the top 15 cm (Fig. 1a). Therefore, different warming levels had
divergent effects on SOC, resulting in significant SOC losses of the alpine
grassland under high level warming but not under low level warming.

3.2. Shifts of ecosystem carbon fluxes under warming

SOC is predominantly derived from the photosynthetic activities of
surface vegetation (Henneron et al., 2020). Therefore, long-term
warming may change SOC through influencing plant-mediated carbon
fluxes. Interestingly, compared to the ambient plots in this site, both GPP
and ER were significantly (P < 0.001, Fig. 1b—c) increased by warming,
especially in the high-level warmed plots. Such changes led to signifi-
cant increases of NEE in the warmed plots (Fig. 1d). Even when
considering the influence of moisture and pH in the linear mixed effects
models, warming still significantly enhanced the rates of ER (P = 0.012,
Supplementary Table 3), GPP (P = 0.006, Supplementary Table 3), and
NEE (P = 0.027, Supplementary Table 3) in this alpine grassland
ecosystem. These results were consistent with previous studies that
warming could alleviate temperature limitations on plant growth, thus
promoting plant growth and producitivity in most area of the
Qinghai-Tibet Plateau (Chen et al., 2022a). Warming-enhanced NEE
could promote more soil carbon input as plant litter, root biomass or
exudates in this alpine grassland ecosystem (Guo et al., 2020). Logically,
such changes could lead to SOC increases, not decreases under long-term
warming. Therefore, plant-mediated carbon fluxes appear to less likely
explain significant SOC losses under high level warming.

3.3. Microbial decomposition of soil organic carbon

Warming-induced SOC losses in this alpine grassland could be due to
the changes in SOC chemical and physical composition. Since soil mi-
crobes preferentially respire 12C resulting in enriched '3C in SOC during
decomposition (Natelhoffer and Fry, 1988; Soong et al., 2021), the 53¢
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Fig. 1. Changes of SOC and ecosystem carbon fluxes under different warming levels. (a) Soil organic carbon (SOC) concentration across 2020 and 2021. (b)
Gross primary productivity (GPP) in 2023. (c) Ecological respiration (ER) rates in 2023. (d) Net ecosystem exchange (NEE) in 2023. Six replicate samples were
investigated in each year (n = 6). Ecosystem carbon fluxes were estimated on the basis of the carbon amount from CO, emissions. Positive values indicate carbon
source, and negative values represent carbon sink. Significance of warming effects were tested by the linear mixed-effects models (Supplementary Tables 2 and 3),
and P values are shown in each plot. Significant differences between different warming levels and ambient temperature (A) are labeled, and non-significant changes
are not labeled. P values of the t-test are labeled by *** when P < 0.001, ** when P < 0.01, and * when P < 0.05.

of SOC can characterize the degree of SOC degradation (Natelhoffer and SOC than the ambient control soils (Dijkstra et al., 2006). However, such
Fry, 1988; Soong et al., 2021). The standardized linear mixed effects more degraded SOC didn’t necessarily resulted in more microbial
model showed that warming had significantly positive effects on §'3C (p biomass in the warmed soils. In fact, soil microbial biomass carbon
=0.476, P = 0.019; Supplementary Table 2), that is, §!3C increased with (MBC) was significantly decreased by warming especially higher levels

warming levels compared to the ambient control plots (Fig. 2a). of warming (f = —0.335, P < 0.001; Fig. 2c and Supplementary Table 2),
Meanwhile, the 8'3C exhibited a significantly negative correlation with suggesting less microbial biomass obtained with more degraded SOC
SOC concentration (R* = 0.554, P < 0.001; Fig. 2b). Therefore, the under warming. This was confirmed by a one-month incubation exper-
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mass-specific microbial respiration (i.e., microbial respiration per unit
of biomass) significantly increased by 77.9%-97.9% under +4~+6 °C
warming levels, but decreased by 38.8% under +2 °C warming level (
= 0.524, P = 0.008; Fig. 2d and Supplementary Table 4). Consistently,
soil incubation experiments with additions of glucose, starch, cellulose
or lignin further documented that more substrate carbon in warmed soils
was allocated for microbial respiration rather than growth (Supple-
mentary Figs. 3a-d and Supplementary Table 4), thus potentially
resulting in the decline of microbial carbon use efficiency. Taken
together, these results indicated that high level warming promoted mi-
crobial SOC degradation and respiration, potentially accompanied by a
decline of microbial carbon use efficiency, thus leading to the SOC loss
in alpine grassland.

3.4. Particulate organic carbon (POC) and mineral-associated organic
carbon (MAOC)

SOC is a heterogeneous mixture, spanning partially decomposed
plant particulates to microbial residues, which are physically protected
from microbial decomposition via adsorption to reactive mineral sur-
faces or by soil aggregates to varying degrees (Lehmann and Kleber,
2015). Such mechanisms of physical stabilization are extremely
important for maintaining the stability of SOC (Lehmann and Kleber,
2015). However, it is largely unknown how different warming levels
affect differing physical compositions of SOC. To address this issue, we
fractionated the SOC of alpine grassland into particulate organic carbon
(POC), which mostly consists of plant-derived organic particulates and is
relatively accessible to microbial decomposition; and mineral-associated
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microbially-catabolized organic matter that is protected by association
with reactive mineral surfaces or within microaggregates (Soong et al.,
2021). Low litter input to the soil due to low air temperature in this
alpine region lead to relatively small POM pools but large MAOC pools
(Guo et al., 2022a). Previous short-term studies indicated that POC
presents much shorter turnover times and is sensitive to warming, while
MAOC is older organic carbon and not easily affected by warming (Guo
et al., 2022b). However, we found that MAOC rather than POC was
significantly (f = —0.461, P = 0.022) affected by long-term in situ
warming as indicated by linear mixed effects models (Fig. 3a-b and
Supplementary Table 5). The decline of MAOC became more obvious
with warming levels compared to the ambient control plots. Specifically,
MAOC had no significant change in +2 °C warmed plots, but decreased
by 10.0 + 6.8% and 20.4 £+ 7.1% in +4 °C and +6 °C warmed plots
separately (Fig. 3b). Furthermore, significantly positive correlation was
observed between MAOC and SOC (R? = 0.913, P < 0.001; Fig. 3d),
which is much more significant than the correlation between POC and
SOC (R? = 0.258, P < 0.001; Fig. 3c). Therefore, the losses of alpine
grassland SOC caused by high-level warming were mainly due to the
decline of MAOC rather than POC.

3.5. Linkages between microbial community and soil carbon cycling

The magnitude of SOC could substantially depend upon microbial
involvement, since SOC dynamics are ultimately the consequence of
microbial activity (Liang et al., 2017). Therefore, microbial mechanisms
responsible for warming-induced soil carbon loss are the subject of
intense scientific debate in recent decades (Liang et al., 2017; Walker

organic carbon (MAOC), which is comprised of more et al., 2018). While the SOC pools at the potential climax definitely
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Fig. 3. Soil organic carbon fractions under different warming levels. (a) Particulate organic carbon (POC) across 2020 and 2021. (b) Mineral-associated organic
carbon (MAOC) across 2020 and 2021. Six replicate samples were investigated in each year (n = 6). Significance of warming effects were tested by the linear mixed-
effects models (Supplementary Table 5), and P values are shown in each plot. Significant differences between different warming levels and ambient temperature (A)
are labeled, and non-significant changes are not labeled. P values of the t-test are labeled by ** when P < 0.01, and * when P < 0.05. (c¢) Correlation between POC and
soil organic carbon (SOC). (d) Correlation between MAOC and SOC. The slope, pearson correlation coefficients (R?) and P values from linear regressions are shown in

each plots.
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could not be observed in most warming manipulation experiments, as
the durations of these experiments are far shorter than soil carbon
turnover times, various associated microbial mechanisms have been
documented including depletion of microbially accessible carbon pools,
reductions in microbial biomass, changes in microbial carbon use effi-
ciency, and shifts in microbial community structure (Melillo et al., 2017;
Walker et al., 2018; Guo et al.,, 2020). Logically, these microbial
mechanisms should be still responsible for soil carbon dynamics when
the final and stable stage of SOC pools has been reached after a long
enough period of warming. Our analysis for these geothermal warmed
soils in alpine grassland confirmed that there were significant decline of
soil MAOC pools, decrease of microbial biomass, and decline of micro-
bial carbon use efficiency along SOC losses under high-level warming.
To further identify the importance of microbial community structures
for the warming-induced SOC losses, Amplicon-based sequencing of 16 S
ribosomal RNA (16 S rRNA) genes and internal transcribed spacers
(ITSs) were used to analyze community structures of bacteria and fungi.

Warming-induced changes of microbial community structures had
been observed in many previous short-term studies (Zhou et al., 2012;
Guo et al., 2020). In this study, long-term in situ warming markedly
shifted bacterial and fungal community structures compared to the
ambient controls in both 2020 and 2021, as indicated by principal co-
ordinates analysis (PCoA) based on Bray-Curtis dissimilarity matrices
(Fig. 4a-b). The shifts of bacterial and fungal communities under
high-level warming were obviously larger than those under low-level
warming. Permutational multivariate statistical tests revealed that
bacterial and fungal community structures were significantly (P <
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0.001) altered by warming (Supplementary Table 6). Furthermore,
warming significantly altered the relative abundances of many bacterial
and fungal phyla (Fig. 4c—d and Supplementary Table 7). For instance,
the relative abundance of Actinobacteria and Ascomycota were signifi-
cantly decreased with warming levels, while Chloroflexi and Basidio-
mycota were significantly increased with warming levels. Furthermore, a
significantly positive correlation (8 = 0.303, P = 0.036; Supplementary
Table 8) was observed between SOC and Ascomycota, a typically copi-
otrophic phylum (Yao et al., 2017), suggesting a potential indicator for
soil carbon change under warming. Altogether, these results indicated
that high level warming could more significantly shift soil microbial
community composition and structure than low level warming.

The shifts of microbial communities by warming seem to play sig-
nificant roles in the losses of alpine grassland SOC. First, both redun-
dancy analysis (RDA) and Mantel test showed that bacterial and fungal
community structures were tightly linked to several key environmental
factors, including soil temperature, moisture and pH (Fig. 4e and Sup-
plementary Fig. 4). Among all environmental factors, soil temperature
exhibited the largest impacts (r = 0.441-0.474, P < 0.001) on both
bacterial and fungal communities (Fig. 4e and Supplementary Table 9).
Expectedly, significant correlations of microbial communities were
observed with SOC and its components MAOC and POC in Mantel test
(Fig. 4e). Soil bacterial and fungal communities also exhibited signifi-
cant correlations with related parameters (i.e., MBC and 5'3C) of mi-
crobial carbon cycling (Fig. 4e). Furthermore, both bacterial and fungal
communities also showed strong (r = 0.500-0.661, P < 0.001) corre-
lations with soil mass-specific microbial respiration (Supplementary
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Table 9). These results indicated that warming-induced shifts in com-
munity structures of soil bacteria and fungi were strongly correlated
with SOC and associated carbon cycling processes, suggesting microbial
significant roles in controlling the losses of alpine grassland SOC.

4. Conclusion and implication

Quantifying warming-induced changes of SOC is urgently needed to
improve modeling projections for future climate warming scenarios
(Crowther et al., 2016). However, the direct field measurements of the
responses of SOC to warming are scarce, especially when an ecosystem
reaches to the potential climax community after a long enough period of
warming. Most soil carbon-climate models must rely on the short-term
temperature responses of soil respiration to infer long-term SOC
changes (Bradford et al., 2016; Crowther et al., 2016), which is bound to
lead to large uncertainties in model projections. Such uncertainties
could be even worse for projecting the changes of huge SOC stocks in
cold regions, since soil carbon turnover times in cold regions are much
longer than the rest of the world (Wang et al., 2018). Meanwhile, these
cold regions are expected to be threatened by more serious climate
warming in this century (Chen et al., 2013; Cohen et al., 2014; Jia et al.,
2017). Therefore, the destabilization of SOC caused by climate warming
in cold regions attracts a lot of attentions (Ding et al., 2017; Walker
et al., 2018; Wu et al., 2021).

In this study, we showed that SOC was significantly lost under high-
level warming (+4~+6 °C), but remained unchanged under low-level of
warming (42 °C). This is evidenced using direct filed measurements
from geothermal warming gradients when the alpine grassland
ecosystem potentially close to the climax community, which could not
be concluded based on short-term warming experiments or only based
on ecosystem carbon fluxes alone. If this phenomenon holds over large
spatial scales in cold regions, the losses of SOC induced by high-level
warming would greatly amplify global climate warming by releasing
huge amounts of carbon to the atmosphere, while low-level warming
would not trigger this catastrophe. Our study also revealed that the
losses of SOC induced by high-level warming were primarily from
MAOC rather than unprotected plant-derived POC. Given that MAOC
has much longer turnover times than POC(Guo et al., 2022b), such SOC
losses are likely to be permanent rather than recoverable in a short time.
In addition, our study revealed that the shifts of soil microbial com-
munities and associated decline of microbial carbon use efficiency were
responsible for SOC changes of alpine grassland under different warm-
ing levels. Ultimately, our study suggested that models must account for
these heterogeneous responses of SOC to different warming levels for
projecting future climate scenarios.
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