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Abstract. Microbial release of CO2 from soils to the atmosphere reflects how environmental conditions affect the stability of

soil organic matter (SOM), especially in massive organic-rich ecosystems like the peatlands and grasslands of the Qinghai-

Tibetan Plateau (QTP). Radiocarbon (14C) is an important tracer of the global carbon cycle and can be used to understand

SOM dynamics through the estimation of time lags between C fixation and respiration, often assessed with metrics such as

age and transit time. In this study, we incubated peatland and grassland soils at four temperature (5, 10, 15 and 20 °C) and5

two water-filled pore space (WFPS) levels (60 and 95 %), and measured the 14C signature of bulk soil and respired CO2. We

compare the relation between the ∆14C of the bulk soil and the ∆14CO2 of respired carbon as a function of temperature and

WFPS for the two soils. To better interpret our results, we used a mathematical model to analyse how the calculated number

of pools, decomposition rates of carbon (k), transfer (α) and partitioning (γ) coefficients affect the ∆14C-bulk and ∆14CO2

relation, with their respective mean age and mean transit time. From our incubations, we found that 14C from peatland was10

significantly more depleted (old) than from grassland soil. Our results showed that changes in temperature did not affect the

∆14C values of respired CO2 in either soil. However, changes in WFPS had a small effect on the 14CO2 in grassland soils and

a strong influence in peatland soils, where higher WFPS levels led to more depleted ∆14CO2. In our models, we observed large

differences between slow and fast cycling systems, where low values of k modified ∆14C patterns due to the incorporation of
14C-bomb in the soil. Hence, the correspondence between ∆14C and age and transit time strongly depended on the internal15

dynamics of the soil (k, α, γ and number of pools) as well as on model structure. We conclude that the stability of carbon in

these systems depends strongly on the direction of change in temperature and moisture and how it affects the rates of SOM

decomposition. Finally, ∆14C modelling along with empirical data from SOM dynamics is a useful tool to improve predictions

on interactions between terrestrial and atmospheric carbon.
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1 Introduction20

Studying soil organic matter (SOM) stability and persistence in a globally-changing environment is of fundamental importance

to understand temporal variations of carbon cycling in the earth-climate system. Soil constitutes the largest carbon (C) stock in

the terrestrial biosphere (Chen et al., 2021), making it a key component in global climate models (McGuire et al., 2001; Wieder

et al., 2013; Xu et al., 2016). Physical, chemical and biological properties determine SOM decomposition and in consequence

its persistence over decades to millennia (Schmidt et al., 2011). Temperature and moisture are two of the most important abiotic25

variables controlling the rates of SOM decomposition (Sierra et al., 2015) and its transit time across the different ecosystem

pools. Changes in these environmental conditions are, however, occurring simultaneously, highlighting the necessity to conduct

multifactorial experiments to disentangle the dominant mechanisms on such cycling times. Hence, discerning the relationship

between SOM persistence and C cycling times in terrestrial ecosystems is imperative to improve climate change models and

to inform decisions on CO2 mitigation and management strategies (Bradford et al., 2016; Mesfin et al., 2021).30

The Qinghai-Tibetan Plateau (QTP) with an area of 2.5 million km2 is a macroregion of global importance for the cycling of

water, carbon and other biogeochemical elements (Anslan et al., 2020). Land cover is mainly dominated by alpine grasslands

(44 %) (Scurlock and Hall, 1998; Gao et al., 2014) which store 23.4 % of China’s total organic carbon and 2.5 % of the global

soil carbon (Genxu et al., 2002). The QTP also hosts one of the largest high-mountain marshes in the world (Xiang et al., 2009;35

Chen et al., 2014; Ma et al., 2016), the Zoige peatlands, considered to be the most important carbon stock in peatlands for

China (Liu et al., 2018). However, climate change and land cover change are currently driving the net carbon balance through

CO2 and CH4 effluxes from the grasslands (Piao et al., 2012; Chen et al., 2014, 2017; Du and Gao, 2020) and the peatlands at

both daily and interannual timescales (Hao et al., 2011; Kang et al., 2018; Liu et al., 2019b; Chen et al., 2021). Anthropogenic

activities in the Zoige peatlands (drainage, peat mining and overgrazing) have caused a degradation of approximately 30 % of40

wet and dry meadows (Chen et al., 2014; Zhou et al., 2021). Additionally, the QTP has been facing an air temperature increase

of 0.2°C per decade over the past 50 years (Zhang et al., 2013; Chen et al., 2014; Yang et al., 2014; Ganjurjav et al., 2016),

equivalent to two to three times faster than the world average (Yao et al., 2019; Nieberding et al., 2020), along with a moderate

increase in precipitation (Dong et al., 2018). According to the IPCC (Arias et al., 2021), climate models predict an increment

in heavy precipitation events and high temperature extremes for this region.45

Such changes in temperature and soil moisture control the magnitude in which stabilization and de-stabilization mecha-

nisms enable carbon storage in the QTP (Xiang et al., 2009; Ma et al., 2016). It has been observed that warming increases soil

respiration (Rustad et al., 2001; Lu et al., 2013; Pold et al., 2015) and that soil moisture modulates ecosystem and soil respi-

ration (Geng et al., 2012; Piao et al., 2012; Pan et al., 2022; Azizi-Rad et al., 2022). Although the influence of destabilization50

mechanisms on SOM decomposition has been already studied in the Zoige peatlands (Zhao et al., 2011; Wang et al., 2015; Liu

et al., 2016, 2018; Li et al., 2018; Liu et al., 2019a), temporal scales of SOM persistence under temperature and soil moisture

variations are not clearly understood yet. Therefore, a quantification of the SOM persistence is of vital importance to predict
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climate change feedback magnitudes and pathways.

55

A useful approach to quantify SOM persistence is through the theory of compartmental dynamical systems, where soil is un-

derstood as a set of interconnected pools with transformations of C to different forms (gas, dissolved or solid) (Emanuel et al.,

1984; Schimel, 1995; Sierra et al., 2018a). Therefore, C can be characterized by the time it remains inside a compartment or the

entire system (Eriksson, 1971; Bolin and Rodhe, 1973) through the calculation of age and transit time. Here, age is defined as

the time elapsed since the C entered the system until the time of observation in the bulk soil, while transit time is defined as the60

time spent by the C between the entry to the system and its exit as respired CO2 (Eriksson, 1971; Bolin and Rodhe, 1973; Man-

zoni et al., 2009; Sierra et al., 2018b). These times (T) are however, not the same for all the C atoms in a soil, since physical,

chemical and biological stabilization and destabilization processes of SOM modify the rate at which mixing and storage occurs.

Radiocarbon measurements in bulk soil and in respired CO2 are a powerful tool to approximate ages and transit times of65

C in soils as they trace back the trajectory of C through the different stocks on decadal to millennia timescales (Trumbore,

2000; Sierra et al., 2014; Schuur et al., 2016; Estop-Aragones et al., 2020; Chen et al., 2021). By comparing the 14C relative

abundance in the carbon pools with the atmospheric 14CO2 concentrations produced after the nuclear weapon tests during the

early 1960’s, it is possible to model soil-atmosphere C cycling times (Trumbore, 2000).

70
14C values can be altered by SOM (de)-stabilization processes and soil characteristics such as soil organic carbon (SOC)

content, age and diagenetic state, thaw depth, redox state, seasonality, etc. (Gaudinski et al., 2000; Trumbore, 2000; von Lützow

et al., 2008; Sierra et al., 2018b; Estop-Aragones et al., 2020). In recent decades, it has been widely observed that temperature

plays a major role on the dynamics of SOM (Knorr et al., 2005; Davidson and Janssens, 2006; Feng and Simpson, 2008) and

the mean age of respired CO2 (Hopkins et al., 2012; Chen et al., 2021) by increasing the decomposition rates from fast-cycling75

pools (Trumbore et al., 1996) and mobilizing old C in warming conditions (Dutta et al., 2006; Briones et al., 2010). In contrast,

other studies have suggested that warming does not lead to release of old C (Briones et al., 2021; Dioumaeva et al., 2002) and

that non-labile C decomposition is insensitive to temperature increase (Liski et al., 1999). By comparison, drying phenomena

increased the release of modern 14CO2 from shallow soil layers but preserved the old soil carbon pools in deeper layers (Kwon

et al., 2019). Observations in rich-SOC soils of the Arctic indicated the release of old C from deep soil layers after thaw and80

drainage processes (Schuur et al., 2009; Estop-Aragones et al., 2020). Such a process might be occurring in the Zoige peatland

soils due to the seasonal presence of frozen layers (Liu et al., 2021; Yang et al., 2022). Nonetheless, the influence of tempera-

ture and soil moisture on SOM persistence is a matter of current debate.

Changes in temperature and moisture contribute to the destabilization of carbon in soils from the QTP. Hence, we hypothe-85

size that higher temperature and moisture levels would contribute to increasing the age of respired CO2 for soils subjected to

controlled manipulations. Greater ages of respired CO2 would imply that previously stabilized C is destabilized by changes in

the manipulated environmental factors. For this purpose, we posed three specific research questions: (1) Do specific changes
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in temperature and moisture result in the release of old carbon in the respiration flux? (2) Are there differences in the age of

respired CO2 between a grassland and a peatland soil from the QTP? (3) How can radiocarbon data in bulk soil and respired90

CO2 be interpreted to understand the effect of changes in decomposition rates on ages and transit times? To address these ques-

tions, we conducted a controlled multifactorial experiment with soils from two different ecosystems in the QTP, and measured

their radiocarbon signature in the bulk soil and the respired CO2. In addition, we used a mathematical model to better interpret

our results with the concepts of age and transit time of carbon.

95

2 Materials and methods

To evaluate the influence of soil moisture and temperature on the 14C values from bulk soil and respired CO2 of grasslands and

peatlands soils, we incubated soil samples from a high elevation grassland at the Nam Co catchment collected in September

2018 and a peatland from the Zoige region sampled in July 2021, both located in the QTP.

2.1 Site description and sampling100

2.1.1 Nam Co grassland

The Nam Co site (Fig. 1) is located in the central Tibetan Plateau (altitude of the Nam Co lake 4,726 m a.s.l.) and represents

a frequent study location for monitoring and tracking of environmental changes over different time scales (Anslan et al.,

2020). The dominant climate at Nam Co consists of cold winters and short and moist summers. Mean annual temperature

(MAT) measured at the NAMORS research station was -0.6 °C (2006 – 2017) and mean annual precipitation (MAP) was 406105

mm, occurring mostly during the monsoon season between May and October (Anslan et al., 2020). The sampling area was

mainly covered by Kobresia pygmaea and has been grazed intensively by yaks and sheep. A total amount of 40 kg of soil was

collected from randomly selected spots at depths between 5 and 15 cm within an area of about 40 m2. The soil was then mixed

homogeneously to produce one single sample which consisted of a sandy loam with a bulk density of 1.3 g/cm3, pH of 7.5, 3.2

% of total organic carbon, 0.05 % of inorganic carbon and 0.3 % of total nitrogen, cation exchange capacity of 89 mmolc/kg110

soil and electrical conductivity of 89.6 µS/cm.
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Figure 1. a) Overview of the QTP; b) Location of the Nam Co lake with land cover dominated by grasslands, and c) Zoige peatlands

highlighting the location of Zoige city. The sampling site is located in the southeastern of the peatland (Ruokeba, Hongyuan county). SRTM

elevation data from Jarvis et al. (2008).

2.1.2 Zoige peatlands

The Zoige peatlands are located in the northeast of the QTP (average elevation of 3,400 m a.s.l.) and cover an area of about

4,605 km2 on the headwaters of the Yellow River basin. These peatlands have been recognised as one of the largest high-

mountain marshes in the world (Xiang et al., 2009; Ma et al., 2016) and store 88 % of the carbon in the QTP (Chen et al.,115

2014). The Zoige region shows a MAT of 1.5 °C, where the warmest monthly temperature (11 °C) is recorded in July and

the coldest in January (-10.1 °C). The MAP is 720 mm, and according to data from the Chinese National Meteorological

Information Centre (www.nmic.gov.cn), the region has faced a slight drying trend and a warming of 0.4 °C per decade over

the last 40 years (Chen et al., 2014; Yang et al., 2014). The soils are unfrozen from April to October while the layer between 0

and 50 cm depth is seasonally frozen between November and March. Vegetation cover consists mainly of Potentilla anserine,120

Blysmus sinocompressus, Kobresia myosuroides and Scirpus triqueter. The samples (0 – 35 cm depth) were collected from an
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area of 50 m2 at a long-term monitoring site (33◦4′5′′N,102◦33′52′′E), then thoroughly mixed to produce a single sample.

The soil bulk density was 0.3 g/cm3, contained in average 27.6 % of organic carbon, 0.06 % of inorganic carbon and 1.8 % of

total nitrogen.

2.2 Incubation of peatland and grassland soils125

We conducted two sets of incubation experiments, one set with the grassland soil and a second set with the peatland soil. Sam-

ples were incubated with their original roots to minimise disturbance and allow comparisons with field conditions, however

stones were removed. Each of the sets were placed at two different WFPS values (60 and 95 %) combined with four tempera-

ture levels (5, 10, 15 and 20 °C) for a total of 69 samples (2 sites × 4 temperature levels × 2 moisture levels × 4-5 replicates,

to prevent scarcity of data due to eventual failure in CO2 extraction), totaling 33 for grassland and 36 for peatland. CO2 con-130

centrations were measured at intervals of 1 to 2 weeks using a CO2 analyzer LI-COR 6262. Incubations for each subset ended

simultaneously until every sample had an estimated concentration of CO2-C in the headspace equivalent to ≥ 0.2 mg of C,

enough for radiocarbon analysis. Grassland samples were incubated between 15 and 67 days, while peatland samples were

incubated for 13 days. For sampling headspace air, 50-ml vials were filled with 12 g of soil (± 1.5 g) and placed inside 0.5 L

glass flasks along with 0.2 ml of water at the bottom of the flask (away from contact with the sample) to avoid possible drying135

(Dioumaeva et al., 2002); thereafter the flasks were sealed with rubber plugs and screwed with plastic caps. Flasks with samples

were flushed with synthetic air (CO2 free) to remove atmospheric CO2. This flushing marked the starting day of the incubations.

2.3 Radiocarbon analysis of incubated soils

Respired CO2 accumulated in the headspace of incubation flasks was extracted and purified on a vacuum line, graphitized by140

Fe reduction in H2 and measured for ∆14C by Accelerator Mass Spectrometry (Micadas, Ionplus, Switzerland) in the radio-

carbon laboratory of the Max Planck Institute for Biogeochemistry in Jena, Germany (Steinhof et al., 2017).

The radiocarbon content reflects the time a C atom has been in the soil since it was fixed by photosynthesis from the

atmosphere (Trumbore, 2000). Carbon fixed since the early 1960’s has higher 14C than carbon fixed previously due to the145

enrichment by thermonuclear weapons testing. Samples with significant 14C positive values show incorporation by the bomb
14C, presenting 14C/12C ratios greater than that of the 1890 wood used as 14C standard for pre-bomb periods. Radiocarbon

data are expressed as ∆14C (the deviation in ‰ from 0.95 times the oxalic acid standard in 1950). The values were corrected

to a δ13C value of -25 ‰ for differences in biological mass-dependent fractionation (Stuiver and Polach, 1977). These data are

presented as percentage of Modern Carbon (pMC) that can be converted to F14C by dividing it by 100 and later to ∆14C using150

equation (1) (Stuiver and Polach, 1977).
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∆14C =
[
F 14CeλC(1950−t)− 1

]
× 1000[‰] , (1)

where F14C is the Fraction Modern, i.e. the ratio of the measured sample normalized to a δ13C value of -25 ‰, divided by

0.95 times the measured ratio of the Oxalic Acid I standard (OX-I) (Schuur et al., 2016), λC is the updated radiocarbon decay155

constant (equals 1/8267 [y−1]), and t is the year of sampling.

2.4 SOC decomposition models to predict ∆14C as a proxy of SOM persistence

The representation of the SOC dynamics has been commonly described through models that can be expressed as systems of

linear differential equations (Manzoni et al., 2009; Sierra et al., 2012; Sierra and Mueller, 2015; Sierra et al., 2017) of the form:160

dC(t)
dt

= I + A ·C(t), (2)

where the vector C(t) is the rate of change of carbon over time in n different pools; the time dependent n-dimensional vector

I represents the total inputs of carbon to each pool; and A represents the n×n dimensional matrix with the rates of car-

bon processing for each pool in its main diagonal and the proportion of carbon transferred from one pool to another in the

off-diagonals (Sierra et al., 2012, 2014; Metzler and Sierra, 2018; Sierra et al., 2018b). This mass balance equation has a165

radiocarbon counterpart:

d14C(t)
dt

= I14C(t) + A · 14C(t)−λ14C(t) (3)

where λ is the radiocarbon decay constant (1/8267 [y−1]).

We used a SOC decomposition model to calculate the ∆14C in bulk and CO2 as well as their equivalent mean age and mean170

transit time of a theoretical soil for the year 2019 calibrated with the data set for the Northern Hemisphere Zone 3 (Hua et al.,

2021). The simulated ∆14C results aimed at reproducing the similar ∆14C ranges obtained from the incubated soils with the

objective to compare under which settings the models could describe best laboratory or field conditions. For this purpose, we

implemented a two-pool model (one slow and one fast pool) considering two different structures: parallel and series (Fig. 2)

and modified the parameters involved in the soil C processing (Manzoni et al., 2009; Falloon and Smith, 2000) (Table 1). In175

the parallel structure, C enters the soil and splits among the two pools according to γ and decomposition occurs independently

in each pool according to their respective k. In the series structure, C enters only to the fast pool and it is either decomposed

and emitted to the atmosphere or transferred to the slow pool according to the transfer coefficient α.
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Figure 2. Parallel (left) and series (right) model structure and formulas implemented in the simulations. C is fixed into the biomass from

atmospheric CO2 through photosynthesis, subsequently it is incorporated into the soil as litterfall. From this state on, it is considered as

input (I) and will split between the two pools according to the different structures (γ for parallel and α for series). The rate at which the C

is decomposed (k) in each pool (C) will depend on microbial activity, environmental factors (temperature and soil moisture) and physical

and chemical protection of the SOM (Blanco-Canqui and Lal, 2004; von Lützow et al., 2008; Manzoni et al., 2009). Boxes represent the soil

pools, which account with an initial amount of C (C1 =200, C2=5000) and arrows represent directions of inputs and outputs.

Initial parameters of the model such as the initial year of simulation and initial ∆14C values of each pool were considered180

separately for each type of ecosystem. Moreover, we defined I and C as constant since they can be adjusted depending on

the specific soil characteristics. Additionally, we assumed that decomposition rates k reflect the effect of temperature and soil

moisture on C cycling timescales (Manzoni et al., 2009), and therefore on ∆14C values. In our approach, only one parameter

at time was modified for each simulation.

185

8

https://doi.org/10.5194/egusphere-2023-210
Preprint. Discussion started: 14 February 2023
c© Author(s) 2023. CC BY 4.0 License.



Table 1. Definition of parameters used to evaluate the variation of ∆14C values, mean age and mean transit time and their ranges when type

of constant was variable.

!

Parameter Notation Type Value Definition

Litter Input I Constant 100
A scalar or a data.frame object specifying

the amount of litter inputs by time

Decomposition

rate
k1, k2 Variable 0.00001 - 0.8

A vector of length 2 with the values of the

decomposition rate for pools 1 and 2

Partitioning

coefficient
γ Variable 0 -1

A scalar representing the proportion of I that

goes to pool 1 in a parallel structure

Transference

coefficient
α Variable 0 -1

A scalar with the value of the transfer rate

from pool 1 to pool 2

Carbon stocks C1, C2 Constant 200, 5000 Initial amount of C for the two pools

We used the R package SoilR (Sierra et al., 2014) to simulate the temporal dynamics of ∆14C in the bulk soil and the

respired CO2 as well as the age and transit time distributions of carbon for two different model structures (parallel and series).

Assuming steady-state for the carbon stocks, the probability density function (pdf) of the age (equation 4) and the transit time

(equation 5) (Metzler and Sierra, 2018) as well as their means can be calculated by the following expressions (Sierra et al.,

2018b):190

f(a) =−1T ·A · ea·A · C∗∑
C∗

, a≥ 0, (4)

where a is the random variable age, 1T is the transpose of the n-dimensional vector containing ones, ea·A is the matrix expo-

nential for each value of a, and
∑

C∗ is the sum of stocks of all pools at steady state.

The pdf of transit times can be obtained as

f(τ) =−1T ·A · eτ ·A · I∑
I
, τ ≥ 0, (5)195

where τ represents the random variable transit time.

These pdfs measure the probability that a certain amount of carbon is above or below a specific age or transit time (Sierra

et al., 2018b) (equations 6 and 7, respectively). The mean of the age, that is, the expected value of the pdf can be computed by

the expression:

E(a) =−1T ·A−1 · C∗∑
C∗

, (6)200

9

https://doi.org/10.5194/egusphere-2023-210
Preprint. Discussion started: 14 February 2023
c© Author(s) 2023. CC BY 4.0 License.



and the mean of the transit time by

E(τ) =−1T ·A−1 · I∑
I
. (7)

Based on the age and transit time distribution for the different simulated cases, metrics such as the mean, median and

quantiles can indicate the SOM persistence. The relation between ages and transit times may present three cases: Ta = Tt (Type205

I - well-mixed homogeneous system), Ta < Tt (Type II - retention system) and Ta > Tt (Type III - non-retention system)

(Sierra et al., 2018b). In the type I, the probability of mineralization and release as CO2 is the same for every C atom. In the

type II, the C is retained for a relatively long time before it is released, as in soils where C is constantly recycled and reused

sequentially before respiration outside the system. In type III, most of the C atoms stay in the system for a short period of

time, but some atoms remain for a long time (Bolin and Rodhe, 1973). Comparisons between these distributions will provide210

detailed information on mixing, store, recycling, transport and transformation processes of the SOM (Sierra et al., 2018b).

3 Results

3.1 ∆14C values of incubated soils under temperature and soil moisture variation

∆14C values contrasted strongly between grassland and peatland soils (Tangarife-Escobar et al., 2023) (Fig. 3 and 4). Generally,

∆14C of bulk soil and respiration from the peatland soil was more depleted than from the grassland soil. For example, in215

peatland soil the ∆14C values of bulk soil (-85.9 to -60.9 ‰, mean=-80.1, n=36, including outlier of -180) were clearly more

depleted than those of the respired flux (-20.9 to to 23.9 ‰, mean=4, n=36) which indicated that the peatland behaved as a

retention system (type II). In contrast, for the grassland soil, the ∆14C of bulk soil (21.1 to 73.9 ‰, mean=43.3, n=33) was not

too different from the ∆14CO2 (13.9 to 83.4 ‰, mean=38.5, n=33, including outliers of -227.1 and -105.1) indicating that the

samples behaved mostly as a well-mixed homogeneous system (type I). Such similar values can also reflect a type II system220

where ∆14C values in the bulk and the respired flux are equal for the year of sampling (Fig. A7).
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Figure 3. Boxplot with the variation of the ∆14C values in CO2 (left panel) and bulk soil (right panel) for peatland and grassland incubated

soils.
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Figure 4. Relationship between ∆14C in bulk soil and ∆14C in respired CO2 for incubated grassland (green box) and peatland (brown

box) soils of the QTP discriminated by temperature and WFPS. Possible types of system according to the ∆14C relations between bulk and

respired carbon.

The temperature treatments did not systematically affect the radiocarbon signature of the bulk or the respired CO2 in peatland

or grassland soils (Table 2). There was strong evidence that manipulations in WFPS resulted in changes in the ∆14C values

of bulk soil and CO2 (p-values = 0.09 in grasslands and p-value = 0.01 in peatlands from an ANOVA test, Table 2, Fig. 5)

except for the bulk soil in peatlands. When the interacting effects of WFPS and temperature were evaluated together, there225

was no evidence that their interplay affected the radiocarbon signature of both soils (p-values > 0.05 for all the analysis).

However, higher temperature and WFPS caused an increase of CO2 fluxes from respiration in the treated incubated soils (Table

A1). Outliers for bulk and ∆14CO2 in both peatlands and grasslands occurred in the combined treatment WFPS = 60 and

temperature = 10 °C. Such wide variation in ∆14C both between ecosystems and treatments could be potentially explained by

intrinsic processes affecting soil carbon dynamics, which will be explored in the following sections with a SOC decomposition230

model.
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Table 2. Summary of p-values obtained from ANOVA tests for the ∆14C of bulk soil and the ∆14CO2 from grassland and peatland soils

versus temperature (T) and WFPS independently as well as versus the integrated effect of temperature and WFPS (T · WFPS).

Ecosystem Type T WFPS T · WFPS

Grassland
14C Bulk 0.8 0.091 0.21
14CO2 0.73 0.089 0.92

Peatland
14C Bulk 0.4 0.21 0.65
14CO2 0.16 0.01 0.32

Table 3. Parameters used for simulations in a SOC decomposition model for fast and slow systems (Tangarife-Escobar et al., 2023).

System Fig.
Model

structure
k1 k2 γ α

Starting year

of simulation

∆14C (‰) for

starting year

Fast

cycling

6
Parallel 0.1 - 0.8 0.1 0.8 - 1890 -4.9 ‰

Series 0.1 - 0.8 0.1 - 0.8 1890 -4.9 ‰

7
Parallel 0.8 0.001 - 0.8 0.8 - 1890 -4.9 ‰

Series 0.8 0.001 - 0.8 - 0.8 1890 -4.9 ‰

Slow

cycling

8
Parallel 0.0001 - 0.8 0.0001 0.8 - 500 -22.2 ‰

Series 0.0001 - 0.8 0.0001 - 0.8 500 -22.2 ‰

9
Parallel 0.1 0.000001 - 0.001 0.2 - 500 -22.2 ‰

Series 0.1 0.000001 - 0.001 - 0.8 500 -22.2 ‰

3.2 Effect of changes of decomposition rates (k) on the ∆14C values

Temperature and soil moisture manipulations showed responses in the vertical and horizontal direction in the ∆14C-bulk versus

∆14C-CO2 space. To understand possible drivers of changes in these directions and how they can be interpreted in terms of

ages and transit times, we used a SOC decomposition model. We evaluated how model structure, decomposition rates of C,235

and the partitioning (γ) and transfer (α) coefficients of a two-pool parallel and a series model affected ∆14C values, and as

a consequence, the mean age and the mean transit time. Simulations were made for the fast cycling grassland system and the

slow cycling peatland (Table 3).
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Figure 5. Comparison between ∆14C of respiration from incubated peatland and grassland soil at different temperature levels under WFPS

= 60 and 95 %. Black points represent minimum and maximum values out of the range between quartile 1 and 3 (25 to 75 % of the data). The

quartile 50 (median) represented by the line inside the box indicates the midpoint value in the frequency distribution. Box for the treatment

WFPS= 60 % and T= 10 °C shows a large dispersion of the 50 % of the data, which is explained by the outliers observed in Fig. 4.

3.2.1 SOC decomposition in fast cycling systems (grasslands)

Variation of k1 yielded ∆14C curves similar to mean age and mean transit time. In other words, in these simulations the change240

in the parameter k1 resulted in similar trends in ∆14C-bulk versus ∆14C-CO2 space as in the mean age versus mean transit time

space ((Fig. 6). In the parallel structure (Fig. 6, A and B), high values of k1 yielded more enriched ∆14C values in the bulk soil

than in the respired flux. This was expressed as a fast respiration of SOC and reflected in a short transit time. Simultaneously,

low values of k2 resulted in a slow respiration, which was registered in ages longer than transit times, at the initial state of the C

stay in the system. However, as k1 decreased and approached k2, mean age and mean transit time became similar and converged245

to the 1:1 line. In the case of the series structure (Fig. 6, C and D), the total amount of inputs traveled first through the fast

pool, which meant that while k1 is high, most of the C decomposition occurs under the dynamics of the fast pool. Hence, the
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Figure 6. Predictions of ∆14C in bulk soil vs ∆14CO2 with their equivalent simulation of mean age in bulk soil vs mean transit time in CO2

for parallel (panel A and B) and series model structure (C and D). Variation of k1 with α = 0.8 and γ = 0.8. Complementary prediction with

α = 0.1 and γ = 0.1 can be seen in Fig. A2.

system showed equal mean age and mean transit time. As k1 decreased, the transfer from the fast to the slow pool becomes

more relevant, then the mean transit time increased compared to the mean age.

250

The behavior of ∆14C values contrasted significantly with that of mean age and mean transit time when k2 tended to lower

values (Fig. 7). Generally, when k2 equals k1, ∆14C and mean age and mean transit time showed similar values. However, as

k2 decreased, the C stayed in the slow pool for longer time and the ∆14C enriched in the bulk soil until reaching a peak (112

and 89 ‰ for series and parallel structures, respectively), from where it subsequently depleted to the initial ∆14CO2 value.

For the parallel structure (Fig. 7, A and B), transit time kept increasing slowly since most of the C stayed in the fast pool for255

a short time, so, the C remaining in the slow pool contributed to increase the mean age. As for the series structure, most of
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Figure 7. Predictions of ∆14C in bulk soil vs ∆14CO2 with their equivalent simulation of mean age in bulk soil vs mean transit time in CO2

for parallel (panel A and B) and series model structure (C and D). Variation of k with α = 0.8 and γ = 0.8.

the C was transferred from the fast to the slow pool due to the high transfer rate α, which contributed to increase the transit time.

3.2.2 SOC decomposition in slow cycling systems (peatlands)

Simulations of ∆14C values in slow cycling systems resulted in significantly more depleted values in both bulk soil and respired260

CO2 (Fig. 8) than in fast cycling systems. Generally, ∆14C values were more depleted in the bulk soil than in the respiration

flux. Also, the results from these simulations showed very different patterns in the ∆14C-bulk versus ∆14C-CO2 space than in

the mean age versus mean transit time space; only with the exception of equal k1 and k2, which resulted in similar ∆14C values

as well as similar mean age and mean transit time in the parallel structure.

265
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Figure 8. Predictions of ∆14C in bulk soil vs ∆14CO2 with their equivalent simulation of mean age in bulk soil vs mean transit time in CO2

for parallel (panel A and B) and series model structure (C and D). Variation of k1 with α = 0.8 and γ = 0.8.

Additionally, we looked at the variation of ∆14C keeping the same k values but reducing α and γ to 0.1. Simulations

indicated that the behavior of ∆14C values were opposite between series and parallel structures when inputs to each pool were

inversely proportional (Fig. 7 versus Fig. A3 and Fig. 8 versus Fig. A4). For example, for the case of low values of k1 and k2

(Fig. 9) (γ = 0.2 and α = 0.8) both model structures showed similar patterns due to relatively similar amounts of inputs going

to the slow pool. When γ = 0.8, ∆14C showed values out of the target range (-20 to 23 for ∆14C-CO2 and -86 to -60 for ∆14C-270

bulk based on incubation results) since decomposition occurred as in a fast cycling system. As k2 decreased, ∆14CO2 enriched

and ∆14C and mean age remained higher than mean transit time since the slow decomposition of the slow pool dominated the

system response.
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Figure 9. Predictions of ∆14C in bulk soil vs ∆14CO2 with their equivalent simulation of mean age in bulk soil vs mean transit time in CO2

for parallel (panel A and B). Series model presented exactly the same behaviour. Variation of k2 with α = 0.8 and γ = 0.2.

3.3 Variation in the proportion of inputs γ and α modulated mean age and mean transit time275

Our simulations showed the importance that the partitioning and transference coefficients (γ and α) have to define the amount

of C entering to each pool and in consequence on the mean age and mean transit time (Fig. A1). For a parallel structure, when

the total amount of inputs entered only to the fast pool (γ =1), the system behaved as a one pool system and mean age and

mean transit time were equal. In the extreme opposite (γ = 0), all C entered only to the slow pool and mean age and mean

transit time converged, although with a longer transit through the system. In contrast, for a series structure, the extreme value280

α = 1 resulted in a longer mean transit time than mean age as the contribution to the respired flux comprehended the sum of the

decomposition of the newly absorbed C and the initial stocks stored in the fast pool. In the case of slow cycling systems (Fig.

A5 and Fig. A6), ∆14CO2 moved in a wider range including very depleted values (-100 to 70 ‰) and approached to a steady
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state of ∆14C in bulk soil from the right when k1 = 0.01 or from the left when k1 = 0.1.

285

4 Discussion

4.1 Did changes in temperature and soil moisture result in the release of old carbon in the respiration flux?

We measured the ∆14C values of respired CO2 from soils incubated at different temperatures and WFPS levels to assess

whether changes in these variables would result in destabilization of stored C. Our results showed that changes in temperature

did not affect systematically the radiocarbon values of respired CO2 in any of the incubated soils. Nevertheless, changes in290

WFPS had a moderate effect on the ∆14CO2 in grasslands, but a strong influence on the ∆14CO2 of peatlands. Our results

indicated that higher WFPS levels led to depleted ∆14CO2 values in peatlands at all temperature treatments, except at 10 °C.

In general, higher temperature and WFPS levels resulted in increased CO2 fluxes although without showing a relationship with

the ∆14C values.

295

In contrast, higher WFPS resulted in more enriched ∆14CO2 values for grasslands. This suggests that the direction of chang-

ing WFPS depends on ecosystem characteristics. It is interesting to observe that the ∆14C in the bulk soil was always more

negative than the ∆14CO2 in the peatlands, while the grasslands registered similar ∆14C values in both states. This indicates

that peatlands are systems that stabilize organic matter over time and release it once the stable conditions change. In contrast,

for grasslands two interpretations may arise, first that there was not organic matter stabilization under the incubated conditions300

since the respired flux reassembles the bulk soil ∆14C signature, or second that the incubation conditions were not strong

enough to destabilize the existing old SOM. Our simulations indicate that similar ∆14C values in the bulk and in the respired

CO2 can occur at an specific year (Fig A7) independently of the different SOM cycling times in the soil pools.

In tundra ecosystems, Kwon et al. (2019) suggested that drainage of shallow soil layers may have accelerated old carbon305

decomposition. In addition, Estop-Aragones et al. (2020) concluded that old C would increase in proportion from “cold” across

“warm wet” to “warm and dry” for high arctic tundra as well as from “undisturbed” to “burnt active layer” for peatland plateau.

These previous findings are in disagreement with our observations since after our experiments, lower WFPS resulted in the

release of relatively enriched ∆14CO2 instead of releasing old carbon. One potential explanation for this discrepancy is that

the existing old SOM could have reacted too slow to drier conditions (WFPS = 65) compared to the fast response of “younger"310

SOM, causing an evident prevalence of young carbon given the short duration of the incubations. Consistent with this, it has

been found that some SOM components or compartments may be more sensitive to modified conditions than others (Feng and

Simpson, 2008) and therefore, transit time would react strongly when such sensitivity is higher in the slower pool (Manzoni

et al., 2009).

315
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For this reason, our results are indicative, but not conclusive, about the influence of environmental factors on the ∆14C

signature of respired carbon. It is possible that our ∆14C values are limited by the short time of the incubations since the

dynamics of C transfers cannot be properly observed in short timescales (Crow and Sierra, 2018). For example, during a 1-year

incubation experiment, most of the CO2 was derived from labile SOM as the temperature increased (Leifeld and Fuhrer, 2005).

Additionally, other factors such as yearly climate seasonality, daily freeze-thaw cycles and water table oscillation were not320

replicated in the laboratory due to equipment and time availability. Finally, although temperature has been found to be the

main modulator of SOC decomposition rates (Azizi-Rad et al., 2022), dominating over the effect of soil moisture and oxygen

availability, it is important to consider that an increase in respiration rates, as observed in our incubations, does not necessarily

involve the release of old or young carbon.

325

4.2 Are there differences in the age of respired CO2 between grassland and peatland?

We found that ∆14C values from peatland were strongly more depleted than those in grasslands, indicating the presence and

respiration of older carbon in peatlands. Generally, low temperature, low soil microbial activity and anoxic conditions (Xiang

et al., 2009; Ma et al., 2016) posed favourable conditions for the stabilization of organic matter since the early Holocene in

the Zoige region (Chen et al., 2014; Sun et al., 2017). Older bulk soil than CO2 demonstrated that the peatland soil behaved330

as a retention system (Type II) where C was stored for relatively long time before its respiration (Sierra et al., 2018b). The

release of that old C may occur when the SOM destabilization dominates over the stabilization mechanisms, for example when

peatlands are drained (increasing oxidation through water table reduction) and their temperature is raised (Dutta et al., 2006;

Hicks Pries et al., 2013; Lupascu et al., 2014; Estop-Aragonés et al., 2018), both factors mimicked in our incubations.

335

In contrast, ∆14CO2 from grasslands were mostly similar to ∆14C in bulk soil, indicating that the soil behaved predomi-

nantly as a well-mixed homogeneous system (Type I) where most of the SOM has the same probability of being mineralized

and released as CO2 (Sierra et al., 2018b). However, ∆14C relation also indicated that the grasslands shift from retention to

non-retention system and vice-versa. In grasslands, SOM from the topsoil is permanently under changing conditions (daily

temperature and soil moisture variation, grazing and mechanical alteration, among others) that promote its fast cycling instead340

of its stabilization (Han et al., 2017). These factors, along with climatic, vegetation and edaphic properties caused a low SOM

stability expressed in a large proportion of labile carbon (Hou et al., 2021). Nonetheless, although SOM accumulation still

occurs in grassland areas (Tian et al., 2009) registered in the extremely depleted outliers from the grassland soil respiration, it

happens at a slower rate than in peatlands. As a result, most of the fixed atmospheric C is respired at short time scales, which

is in turn registered as young (“post bomb”) ∆14C values.345

Taken together, SOM stability and ecosystem characteristics defined the relation between ∆14C in bulk soil and ∆14CO2,

which in turn explained the difference in the age of respiration between grassland and peatlands. The ∆14CO2 values obtained

in our incubated peatlands indicate that such C was captured through photosynthesis during a time when the 14C levels of
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the atmosphere were depleted and have remained stored in the soil for a long enough time for radioactive decay to become350

relevant. However, it is imprecise to attribute an specific year to the entire bulk soil or CO2 fractions, since they are formed by

SOM accumulated in multiple steps and of different qualities and their respective decomposition.

In that sense, a ∆14C value is not per se indicative of age or transit time of SOC. To disentangle the utility of radiocarbon

as a tool for SOM persistence in soil and be able to shed light on the time-scales of C cycling in different ecosystems, we used355

SOC decomposition models. Our models contribute to understand the time component of SOM persistence through the use of

mean transit time as a parameter that integrates processes of SOM dynamics (Manzoni et al., 2009).

4.3 How can ∆14C values be interpreted to understand the effect of decomposition rates on mean age and mean

transit time?360

We simulated the ∆14C values and the mean age and mean transit time of soils with high and low decomposition rates. Our sim-

ulations were able to reassemble the ∆14C values obtained from incubations and showed that modelled ∆14C values differed

widely between slow cycling systems and fast cycling systems. Generally, decomposition rate, transfer rates and partitioning

coefficients of a given model structure modulated ∆14C values, and in consequence, mean age and mean transit time (Bruun

et al., 2004; Manzoni et al., 2009). For example, fast cycling systems with high decomposition rates resulted in a fast respi-365

ration represented by short mean transit times (lower than 20 years). At the same time, low decomposition rates resulted in

longer mean transit times, which in turn represented older respired CO2 (lower than 140 years). In slow cycling systems, where

the decomposition rates were lower, transit times were consequently longer (lower than 20000 years). Independently of the k

values, the series model structure increased the transit time of C compared to parallel structure due to the fact that a proportion

of the C atoms had to pass through the two pools before being respired.370

Other factors such as observation time and starting year of the simulation modified the response of ∆14C. This is due to the

radioactive nature of the 14C isotope and the influence of the “bomb 14C”. For instance, the ∆14C enrichment during the last

60 years was clearly observed in fast cycling systems only with low k2. Furthermore, the inflexion points on the ∆14C curves

occurred at different values for slow and fast cycling systems. Hence, we could assume that a simulation with starting year375

after 1962 would not show an inflexion point in the ∆14C due to the absence of the bomb peak.

Our modelling results suggest that the increase of decomposition rates contribute to the release of older carbon in the respired

flux as we hypothesised, but depending on the initial state of the system. This interpretation is not straightforward since the

stability of SOM depends on the specific combination of temperature and moisture for different ecosystems.For peatlands, only380

drier conditions and consequent increase of oxygen might increase k and therefore cause the destabilization of SOM. In con-

trast, grasslands would need an increase of temperature to facilitate SOM decomposition provided that moisture and oxygen

are available (Azizi-Rad et al., 2022). SOM decomposition rates are expected to increase at higher temperatures (Leifeld and
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Fuhrer, 2005) and towards the extremes of the moisture range (Sierra et al., 2015). However, the destabilization of SOM can

occur in any direction of WFPS variation (depending on the oxygen content) and in turn affect the age and transit time of C in385

a nonlinear pattern.

From our results we could observe how the relation ∆14C-bulk versus ∆14C-CO2 properly represented the relation mean

age versus mean transit time. We found that there is a good correspondence between both relations in the fast cycling systems

as long as the decomposition rates k remain high. Such correspondence did not occur as k became smaller (typical for slow390

cycling systems) since the appearance of the bomb peak may have introduced anomalies that modified the equivalence between

the two relations. In addition, the outlier ∆14C values found in our experimental data, where ∆14C changed drastically in the

vertical and the horizontal direction, may be related to this complex response of the 14C tracer.

To quantify cycling times of carbon, radiocarbon can be used as a tool to understand SOM destabilization and persistence395

through the use of the concepts of age and transit time and their mutual relation. Nonetheless, it is essential to couple ∆14C

measured values with a model that involves the dynamics of soil carbon in different pools and their interaction with the envi-

ronment. Therefore, the acquisition of empirical data from soils (number of pools, I, C, ks, γ, α) along with the correct setting

of model structure will improve predictions on terrestrial and atmospheric carbon interactions.

400

5 Conclusions

Based on the incubation results of soils from the QTP, we showed that the ∆14C values of the peatland are significantly more

depleted than the ones of the grassland both in the bulk soil and the respired CO2. Our results indicated that changes in temper-

ature did not affect systematically the radiocarbon values of respired CO2 in any of the incubated soils. Nevertheless, changes

in WFPS had a relatively small effect on the 14CO2 in grasslands, but a strong influence on the 14CO2 of peatlands, where405

higher WFPS levels led to more depleted 14CO2 values except at 10 °C. In peatlands, more depleted 14C-bulk values than
14C-CO2 indicated that SOM stabilizes over time and it is released once the stable conditions change. In grasslands, similar

∆14C values in bulk and respired CO2 indicated that the soil behaved as a well-mixed homogeneous system due to either an

absence of SOM stabilization or that the manipulation treatments were not long or strong enough to destabilize the existing

old SOM. In this sense, the short duration of our incubations might have been an obstacle to register the influence of long term410

factors such as climate seasonality and water table oscillation on SOM dynamics.

From our modelling approach, we conclude that radiocarbon can be used as a tool to understand SOM persistence through

the use of the concepts of mean age and mean transit time and their mutual relation. Our simulations were able to reassemble the

∆14C values obtained from incubations and showed that modelled ∆14C values differed widely between slow cycling systems415

and fast cycling systems. We found that low values of k, more common in slow cycling systems, modified the behaviour of

22

https://doi.org/10.5194/egusphere-2023-210
Preprint. Discussion started: 14 February 2023
c© Author(s) 2023. CC BY 4.0 License.



∆14C patterns due to the incorporation of 14C-bomb in the soil system. Hence, the correspondence between these mutual

relations strongly depended on the internal dynamics of the soil and its interaction with the environment. For this reason, the

acquisition of empirical data from soils (number of pools, I, C, ks, γ and α) along with the correct setting of model structure

will improve predictions on terrestrial and atmospheric carbon interactions.420
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Appendix A: Appendix A435

Table A1. Mean daily CO2 respiration for incubated soils under temperature and WFPS variation.

Ecosystem Temperature (°C) WFPS (%)
Mean CO2 respiration

(mg CO2 g soil −1 day −1)
σ

Grassland

20 95 0.510 0.035

20 60 0.371 0.016

15 95 0.330 0.008

15 60 0.234 0.004

10 95 0.209 0.011

10 60 0.134 0.023

5 95 0.066 0.003

5 60 0.044 0.001

Peatland

20 95 0.040 0.001

20 60 0.028 0.003

15 95 0.024 0.004

15 60 0.016 0.003

10 95 0.011 0.002

10 60 0.008 0.001

5 95 0.005 0.000

5 60 0.004 0.001
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Table A2. Parameters used for SOC decomposition models in grassland (fast cycling) and peatland (slow cycling).

System Fig.
Model

structure
k1 k2 γ α

Starting year

of simulation

∆14C (‰) for

starting year

Fast

cycling

A1
Parallel 0.8 0.1 0 - 1 - 1890 -4.9 ‰

Series 0.8 0.1 - 0 - 1 1890 -4.9 ‰

A2
Parallel 0.1 - 0.8 0.1 0.1 - 1890 -4.9 ‰

Series 0.1 - 0.8 0.1 - 0.1 1890 -4.9 ‰

A3
Parallel 0.8 0.0001 - 0.8 0.1 - 1890 -4.9 ‰

Series 0.8 0.0001 - 0.8 - 0.1 1890 -4.9 ‰

Slow

cycling

A4
Parallel 0.0001 - 0.8 0.0001 0.2 - 500 -22.2 ‰

Series 0.0001 - 0.8 0.0001 - 0.1 500 -22.2 ‰

A5
Parallel 0.01 0.0001 0 - 1 - 500 -22.2 ‰

Series 0.01 0.0001 - 0 - 1 500 -22.2 ‰

A6
Parallel 0.1 0.0001 0 - 1 - 500 -22.2 ‰

Series 0.1 0.0001 - 0 - 1 500 -22.2 ‰
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- ∆14C variation in fast cycling systems

Figure A1. Predictions of ∆14C in bulk soil vs ∆14CO2 with their equivalent simulation of mean age in bulk soil vs mean transit time in

CO2 for parallel (panel A and B) and series model structure (C and D). k1 = 0.8, k2 = 0.1, with α = 0 - 1 and γ = 0 - 1.

26

https://doi.org/10.5194/egusphere-2023-210
Preprint. Discussion started: 14 February 2023
c© Author(s) 2023. CC BY 4.0 License.



Figure A2. Predictions of ∆14C in bulk soil vs ∆14CO2 with their equivalent simulation of mean age in bulk soil vs mean transit time in

CO2 for parallel (panel A and B) and series model structure (C and D). Variation of k1 with α = 0.1 and γ = 0.1.
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Figure A3. Predictions of ∆14C in bulk soil vs ∆14CO2 with their equivalent simulation of mean age in bulk soil vs mean transit time in

CO2 for parallel (panel A and B) and series model structure (C and D). Variation of k2 with α = 0.1 and γ = 0.1.
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- ∆14C variation in slow cycling systems

Figure A4. Predictions of ∆14C in bulk soil vs ∆14CO2 with their equivalent simulation of mean age in bulk soil vs mean transit time in

CO2 for parallel (panel A and B) and series model structure (C and D). Variation of k1 with α = 0.1 and γ = 0.2.
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Figure A5. Predictions of ∆14C in bulk soil vs ∆14CO2 with their equivalent simulation of mean age in bulk soil vs mean transit time in

CO2 for parallel (panel A and B) and series model structure (C and D). k1 = 0.01, k2 = 0.0001, with α = 0 - 1 and γ = 0 - 1.
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Figure A6. Predictions of ∆14C in bulk soil vs ∆14CO2 with their equivalent simulation of mean age in bulk soil vs mean transit time in

CO2 for parallel (panel A and B) and series model structure (C and D). k1 = 0.1, k2 = 0.0001, with α = 0 - 1 and γ = 0 - 1.
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- ∆14C curves for bulk soil, respired CO2 and atmosphere for a two-pool system in parallel and series structure

Figure A7. Variation of ∆14C values in atmosphere, bulk soil and respired CO2 for a two-pool soil during the period 1950 - 2019. The

similarity between ∆14C values may indicate both a well-mixed homogeneous system (type I) or a retention system (type II) where the bulk

soil and the respired flux record the same value. Nonetheless, the mean transit time for the bulk and the soil respiration might be different

due to the contrasting decomposition rates of the fast (k1 = 0.8) and the slow pool (k2 = 0.1). Simulation conducted with α = 0.8 and γ = 0.8.

32

https://doi.org/10.5194/egusphere-2023-210
Preprint. Discussion started: 14 February 2023
c© Author(s) 2023. CC BY 4.0 License.



References

Anslan, S., Rad, M. A., Buckel, J., Galindo, P. E., Kai, J., Kang, W., Keys, L., Maurischat, P., Nieberding, F., Reinosch, E., Tang, H., Tran,440

T. V., Wang, Y., and Schwalb, A.: Reviews and syntheses: How do abiotic and biotic processes respond to climatic variations in the Nam

Co catchment (Tibetan Plateau)?, Biogeoscieences, 17, 1261–1279, https://doi.org/10.5194/bg-17-1261-2020, 2020.

Arias, P., Bellouin, N., Coppola, E., Jones, R., Krinner, G., Marotzke, J., Naik, V., Palmer, M., Plattner, G.-K., Rogelj, J., et al.: Climate

Change 2021: The Physical Science Basis. Contribution of Working Group14 I to the Sixth Assessment Report of the Intergovernmental

Panel on Climate Change; Technical Summary, 2021.445

Azizi-Rad, M., Guggenberger, G., Ma, Y., and Sierra, C. A.: Sensitivity of soil respiration rate with respect to

temperature, moisture and oxygen under freezing and thawing, Soil Biology and Biochemistry, 165, 108 488,

https://doi.org/https://doi.org/10.1016/j.soilbio.2021.108488, 2022.

Blanco-Canqui, H. and Lal, R.: Mechanisms of carbon sequestration in soil aggregates, Critical reviews in plant sciences, 23, 481–504, 2004.

Bolin, B. and Rodhe, H.: A note on the concepts of age distribution and transit time in natural reservoirs, Tellus, 25, 58–62,450

https://doi.org/https://doi.org/10.1111/j.2153-3490.1973.tb01594.x, 1973.

Bradford, M. A., Wieder, W. R., Bonan, G. B., Fierer, N., Raymond, P. A., and Crowther, T. W.: Managing uncertainty in soil carbon

feedbacks to climate change, Nature Climate Change, 6, 751–758, 2016.

Briones, M. J., Garnett, M. H., and Ineson, P.: No evidence for increased loss of old carbon in a temperate organic soil after 13 years of

simulated climatic warming despite increased CO2 emissions, Global Change Biology, 2021.455

Briones, M. J. I., Garnett, M. H., and Ineson, P.: Soil biology and warming play a key role in the release of ‘old C’ from organic soils, Soil

Biology and Biochemistry, 42, 960–967, https://doi.org/10.1016/j.soilbio.2010.02.013, 2010.

Bruun, S., Six, J., and Jensen, L. S.: Estimating vital statistics and age distributions of measurable soil organic carbon fractions based on

their pathway of formation and radiocarbon content, Journal of theoretical biology, 230, 241–250, 2004.

Chen, H., Yang, G., Peng, C., Zhang, Y., Zhu, D., Zhu, Q., Hu, J., Wang, M., Zhan, W., Zhu, E., Bai, Z., Li, W., Wu, N., Wang, Y., Gao, Y.,460

Tian, J., Kang, X., Zhao, X., and Wu, J.: The carbon stock of alpine peatlands on the Qinghai-Tibetan Plateau during the Holocene and

their future fate, Quaternary Science Reviews, 95, 151–158, https://doi.org/10.1016/j.quascirev.2014.05.003, 2014.

Chen, L., Jing, X., Flynn, D. F., Shi, Y., Kühn, P., Scholten, T., and He, J.-S.: Changes of carbon stocks in alpine grassland soils from 2002

to 2011 on the Tibetan Plateau and their climatic causes, Geoderma, 288, 166–174, 2017.

Chen, L., Fang, K., Wei, B., Qin, S., Feng, X., Hu, T., Ji, C., and Yang, Y.: Soil carbon persistence governed by plant input and mineral465

protection at regional and global scales, Ecology Letters, 24, 1018–1028, 2021.

Crow, S. E. and Sierra, C. A.: Dynamic, intermediate soil carbon pools may drive future responsiveness to environmental change, Journal of

environmental quality, 47, 607–616, 2018.

Davidson, E. and Janssens, I.: Temperature sensitivity of soil carbon decomposition and feedbacks to climate change, Nature, 440, 165–173,

https://doi.org/10.1038/nature04514, 2006.470

Dioumaeva, I., Trumbore, S., Schuur, E., Goulden, M., Litvak, M., and Hirsch, A.: Decomposition of peat from upland bo-

real forest: Temperature dependence and sources of respired carbon, Journal of Geophysical Research: Atmospheres, 108,

https://doi.org/10.1029/2001JD000848, 2002.

Dong, S., Peng, F., You, Q., Guo, J., and Xue, X.: Lake dynamics and its relationship to climate change on the Tibetan Plateau over the last

four decades, Regional environmental change, 18, 477–487, 2018.475

33

https://doi.org/10.5194/egusphere-2023-210
Preprint. Discussion started: 14 February 2023
c© Author(s) 2023. CC BY 4.0 License.



Du, C. and Gao, Y.: Opposite patterns of soil organic and inorganic carbon along a climate gradient in the alpine steppe of northern Tibetan

Plateau, Catena, 186, 104 366, 2020.

Dutta, K., Schuur, E. A. G., Neff, J. C., and Zimov, S. A.: Potential carbon release from permafrost soils of Northeastern Siberia, Global

Change Biology, 12, 2336–2351, https://doi.org/10.1111/j.1365-2486.2006.01259.x, 2006.

Emanuel, W., Killough, G., Post, W., and Shugart, H.: Modeling terrestrial ecosystems in the global carbon-cycle with shifts in carbon storage480

capacity by land-use change, Ecology, 65, 970–983, https://doi.org/10.2307/1938069, 1984.

Eriksson, E.: Compartment Models and Reservoir Theory, Annual Review of Ecology and Systematics, 2, 67–84,

https://doi.org/10.1146/annurev.es.02.110171.000435, 1971.

Estop-Aragonés, C., Czimczik, C. I., Heffernan, L., Gibson, C., Walker, J. C., Xu, X., and Olefeldt, D.: Respiration of aged soil carbon during

fall in permafrost peatlands enhanced by active layer deepening following wildfire but limited following thermokarst, Environmental485

Research Letters, 13, 085 002, 2018.

Estop-Aragones, C., Olefeldt, D., Abbott, B. W., Chanton, J. P., Czimczik, C. I., Dean, J. F., Egan, J. E., Gandois, L., Garnett, M. H.,

Hartley, I. P., Hoyt, A., Lupascu, M., Natali, S. M., O’Donnell, J. A., Raymond, P. A., Tanentzap, A. J., Tank, S. E., Schuur, E. A. G.,

Turetsky, M., and Anthony, K. W.: Assessing the Potential for Mobilization of Old Soil Carbon After Permafrost Thaw: A Synthesis of

C-14 Measurements From the Northern Permafrost Region, Global Biogeochemical Cycles, 34, https://doi.org/10.1029/2020GB006672,490

2020.

Falloon, P. and Smith, P.: Modelling refractory soil organic matter, Biology and fertility of soils, 30, 388–398, 2000.

Feng, X. and Simpson, M. J.: Temperature responses of individual soil organic matter components, Journal of Geophysical Research: Bio-

geosciences, 113, 2008.

Ganjurjav, H., Gao, Q., Gornish, E. S., Schwartz, M. W., Liang, Y., Cao, X., Zhang, W., Zhang, Y., Li, W., Wan, Y., Li, Y., Danjiu, L., Guo,495

H., and Lin, E.: Differential response of alpine steppe and alpine meadow to climate warming in the central Qinghai-Tibetan Plateau,

Agricultural and Forest Meteorology, 223, 233–240, https://doi.org/10.1016/j.agrformet.2016.03.017, 2016.

Gao, Q.-z., Li, Y., Xu, H.-m., Wan, Y.-f., and Jiangcun, W.-z.: Adaptation strategies of climate variability impacts on alpine grassland

ecosystems in Tibetan Plateau, Mitigation and Adaptation Strategies for Global Change, 19, 199–209, 2014.

Gaudinski, J., Trumbore, S., Davidson, E., and Zheng, S.: Soil carbon cycling in a temperate forest: radiocarbon-based estimates of residence500

times, sequestration rates and partitioning of fluxes, Biogeochemistry, 51, 33–69, https://doi.org/10.1023/A:1006301010014, 2000.

Geng, Y., Wang, Y., Yang, K., Wang, S., Zeng, H., Baumann, F., Kuehn, P., Scholten, T., and He, J.-S.: Soil respiration in Tibetan alpine

grasslands: belowground biomass and soil moisture, but not soil temperature, best explain the large-scale patterns, PloS one, 7, e34 968,

2012.

Genxu, W., Ju, Q., Guodong, C., and Yuanmin, L.: Soil organic carbon pool of grassland soils on the Qinghai-Tibetan Plateau and its global505

implication, Science of the Total Environment, 291, 207–217, 2002.

Han, C., Wang, Z., Si, G., Lei, T., Yuan, Y., and Zhang, G.: Increased precipitation accelerates soil organic matter turnover associated with

microbial community composition in topsoil of alpine grassland on the eastern Tibetan Plateau, Canadian journal of microbiology, 63,

811–821, 2017.

Hao, Y. B., Cui, X. Y., Wang, Y. F., Mei, X. R., Kang, X. M., Wu, N., Luo, P., and Zhu, D.: Predominance of Precipitation510

and Temperature Controls on Ecosystem CO2 Exchange in Zoige Alpine Wetlands of Southwest China, Wetlands, 31, 413–422,

https://doi.org/10.1007/s13157-011-0151-1, 2011.

34

https://doi.org/10.5194/egusphere-2023-210
Preprint. Discussion started: 14 February 2023
c© Author(s) 2023. CC BY 4.0 License.



Hicks Pries, C. E., Schuur, E. A., and Crummer, K. G.: Thawing permafrost increases old soil and autotrophic respiration in tundra: Parti-

tioning ecosystem respiration using D13C an D14C, Global Change Biology, 19, 649–661, 2013.

Hopkins, F. M., Torn, M. S., and Trumbore, S. E.: Warming accelerates decomposition of decades-old carbon in forest soils, Proceedings of515

the National Academy of Sciences of the United States of America, 109, E1753–E1761, https://doi.org/10.1073/pnas.1120603109, 2012.

Hou, Y., He, K., Chen, Y., Zhao, J., Hu, H., and Zhu, B.: Changes of soil organic matter stability along altitudinal gradients in Tibetan alpine

grassland, Plant and Soil, 458, 21–40, 2021.

Hua, Q., Turnbull, J. C., Santos, G. M., Rakowski, A. Z., Ancapichún, S., De Pol-Holz, R., Hammer, S., Lehman, S. J., Levin, I., Miller,

J. B., et al.: Atmospheric radiocarbon for the period 1950–2019, Radiocarbon, pp. 1–23, 2021.520

Jarvis, A., Reuter, H. I., Nelson, A., and Guevara, E.: Hole-filled SRTM for the globe Version 4. available from the CGIAR-CSI SRTM 90m

Database, 15, (25–54), http://srtm.csi.cgiar.org, 2008.

Kang, X., Yan, L., Cui, L., Zhang, X., Hao, Y., Wu, H., Zhang, Y., Li, W., Zhang, K., Yan, Z., Li, Y., and Wang, J.: Re-

duced Carbon Dioxide Sink and Methane Source under Extreme Drought Condition in an Alpine Peatland, Sustainability, 10,

https://doi.org/10.3390/su10114285, 2018.525

Knorr, W., Prentice, I., House, J., and Holland, E.: Long-term sensitivity of soil carbon turnover to warming, Nature, 433, 298–301,

https://doi.org/10.1038/nature03226, 2005.

Kwon, M. J., Natali, S. M., Pries, C. E. H., Schuur, E. A. G., Steinhof, A., Crummer, K. G., Zimov, N., Zimov, S. A., Heimann, M., Kolle, O.,

and Goeckede, M.: Drainage enhances modern soil carbon contribution but reduces old soil carbon contribution to ecosystem respiration

in tundra ecosystems, Global Change Biology, 25, 1315–1325, https://doi.org/10.1111/gcb.14578, 2019.530

Leifeld, J. and Fuhrer, J.: The temperature response of CO2 production from bulk soils and soil fractions is related to soil organic matter

quality, Biogeochemistry, 75, 433–453, 2005.

Li, J., Yan, D., Pendall, E., Pei, J., Noh, N. J., He, J.-S., Li, B., Nie, M., and Fang, C.: Depth dependence of soil carbon temperature sensitivity

across Tibetan permafrost regions, Soil Biology and Biochemistry, 126, 82–90, 2018.

Liski, J., Ilvesniemi, H., Makela, A., and Westman, C.: CO2 emissions from soil in response to climatic warming are overestimated - The535

decomposition of old soil organic matter is tolerant of temperature, Ambio, 28, 171–174, 1999.

Liu, L., Chen, H., Zhu, Q., Yang, G., Zhu, E., Hu, J., Peng, C., Jiang, L., Zhan, W., Ma, T., He, Y., and Zhu, D.: Re-

sponses of peat carbon at different depths to simulated warming and oxidizing, Science of the Total Environment, 548, 429–440,

https://doi.org/10.1016/j.scitotenv.2015.11.149, 2016.

Liu, L., Chen, H., Liu, X., Yang, Z., Zhu, D., He, Y., and Liu, J.: Contemporary, modern and ancient carbon fluxes in the Zoige peatlands on540

the Qinghai-Tibetan Plateau, Geoderma, 352, 138–149, https://doi.org/10.1016/j.geoderma.2019.06.008, 2019a.

Liu, X., Zhu, D., Zhan, W., Chen, H., Zhu, Q., Zhang, J., Wu, N., and He, Y.: Dominant influence of non-thawing periods on annual CO2

emissions from Zoige peatlands: Five-year eddy covariance analysis, Ecological Indicators, 129, 107 913, 2021.

Liu, X., Chen, H., Zhu, Q., Wu, J., Frolking, S., Zhu, D., Wang, M., Wu, N., Peng, C., and He, Y.: Holocene peatland develop-

ment and carbon stock of Zoige peatlands, Tibetan Plateau: a modeling approach, Journal of Soils and Sediments, 18, 2032–2043,545

https://doi.org/10.1007/s11368-018-1960-0, 2018.

Liu, X., Zhu, D., Zhan, W., Chen, H., Zhu, Q., Hao, Y., Liu, W., and He, Y.: Five-Year Measurements of Net Ecosystem CO2 Exchange

at a Fen in the Zoige Peatlands on the Qinghai-Tibetan Plateau, Journal of Geophysical Research: Atmospheres, 124, 11 803–11 818,

https://doi.org/10.1029/2019JD031429, 2019b.

35

https://doi.org/10.5194/egusphere-2023-210
Preprint. Discussion started: 14 February 2023
c© Author(s) 2023. CC BY 4.0 License.



Lu, M., Zhou, X., Yang, Q., Li, H., Luo, Y., Fang, C., Chen, J., Yang, X., and Li, B.: Responses of ecosystem carbon cycle to experimental550

warming: a meta-analysis, Ecology, 94, 726–738, 2013.

Lupascu, M., Welker, J., Xu, X., and Czimczik, C.: Rates and radiocarbon content of summer ecosystem respiration in response to long-term

deeper snow in the High Arctic of NW Greenland, Journal of Geophysical Research: Biogeosciences, 119, 1180–1194, 2014.

Ma, K., Zhang, Y., Tang, S., and Liu, J.: Spatial distribution of soil organic carbon in the Zoige alpine wetland, northeastern Qinghai-Tibet

Plateau, Catena, 144, 102–108, https://doi.org/10.1016/j.catena.2016.05.014, 2016.555

Manzoni, S., Katul, G. G., and Porporato, A.: Analysis of soil carbon transit times and age distributions using network theories, Journal of

Geophysical Research: Biogeosciences, 114, 2009.

McGuire, A., Sitch, S., Clein, J. S., Dargaville, R., Esser, G., Foley, J., Heimann, M., Joos, F., Kaplan, J., Kicklighter, D., et al.: Carbon

balance of the terrestrial biosphere in the twentieth century: Analyses of CO2, climate and land use effects with four process-based

ecosystem models, Global biogeochemical cycles, 15, 183–206, 2001.560

Mesfin, S., Gebresamuel, G., Haile, M., and Zenebe, A.: Modelling spatial and temporal soil organic carbon dynamics under climate and

land management change scenarios, northern Ethiopia, European Journal of Soil Science, 72, 1298–1311, 2021.

Metzler, H. and Sierra, C. A.: Linear Autonomous Compartmental Models as Continuous-Time Markov Chains: Transit-Time and Age

Distributions, Mathematical Geosciences, 50, 1–34, https://doi.org/10.1007/s11004-017-9690-1, 2018.

Nieberding, F., Wille, C., Fratini, G., Asmussen, M. O., Wang, Y., Ma, Y., and Sachs, T.: A long-term (2005-2019) eddy covariance data565

set of CO2 and H2O fluxes from the Tibetan alpine steppe, Earth System Science Data, 12, 2505–2524, https://doi.org/10.5194/essd-12-

2705-2020, 2020.

Pan, Y., Li, X., Li, S., and Li, Z.: Different responses of soil respiration to climate change in permafrost and non-permafrost regions of the

Tibetan plateau from 1979 to 2018, International Journal of Climatology, 2022.

Piao, S., Tan, K., Nan, H., Ciais, P., Fang, J., Wang, T., Vuichard, N., and Zhu, B.: Impacts of climate and CO2 changes on the vegetation570

growth and carbon balance of Qinghai–Tibetan grasslands over the past five decades, Global and Planetary Change, 98, 73–80, 2012.

Pold, G., Melillo, J. M., and DeAngelis, K. M.: Two decades of warming increases diversity of a potentially lignolytic bacterial community,

Frontiers in microbiology, 6, 480, 2015.

Rustad, L., Campbell, J., Marion, G., Norby, R., Mitchell, M., Hartley, A., Cornelissen, J., and Gurevitch, J.: A meta-analysis of the response

of soil respiration, net nitrogen mineralization, and aboveground plant growth to experimental ecosystem warming, Oecologia, 126, 543–575

562, 2001.

Schimel, D.: Terrestrial ecosystems and the carbon-cycle, Global Change Biology, 1, 77–91, https://doi.org/10.1111/j.1365-

2486.1995.tb00008.x, 1995.

Schmidt, M. W., Torn, M. S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, I. A., Kleber, M., Kögel-Knabner, I., Lehmann, J.,

Manning, D. A., et al.: Persistence of soil organic matter as an ecosystem property, Nature, 478, 49–56, 2011.580

Schuur, E. A. G., Vogel, J. G., Crummer, K. G., Lee, H., Sickman, J. O., and Osterkamp, T. E.: The effect of permafrost thaw on old carbon

release and net carbon exchange from tundra, Nature, 459, 556–559, https://doi.org/10.1038/nature08031, 2009.

Schuur, E. A. G., Druffel, E., and Trumbore, S. E.: Radiocarbon and Climate Change: Mechanisms, Applications and Laboratory Techniques,

pp. 1–315, Springer International, https://doi.org/10.1007/978-3-319-25643-6, 2016.

Scurlock, J. and Hall, D.: The global carbon sink: a grassland perspective, Global Change Biology, 4, 229–233, 1998.585

Sierra, C. A. and Mueller, M.: A general mathematical framework for representing soil organic matter dynamics, Ecological Monographs,

85, 505–524, https://doi.org/10.1890/15-0361.1, 2015.

36

https://doi.org/10.5194/egusphere-2023-210
Preprint. Discussion started: 14 February 2023
c© Author(s) 2023. CC BY 4.0 License.



Sierra, C. A., Trumbore, S. E., Davidson, E. A., Vicca, S., and Janssens, I.: Sensitivity of decomposition rates of soil organic matter with

respect to simultaneous changes in temperature and moisture, Journal of Advances in Modeling Earth Systems, 7, 335–356, 2015.

Sierra, C. A., Müller, M., Metzler, H., Manzoni, S., and Trumbore, S. E.: The muddle of ages, turnover, transit, and residence times in the590

carbon cycle, Global Change Biology, 23, 1763–1773, 2017.

Sierra, C. A., Mueller, M., and Trumbore, S. E.: Models of soil organic matter decomposition: the SoilR package, version 1.0, Geoscientific

Model Development, 5, 1045–1060, https://doi.org/10.5194/gmd-5-1045-2012, 2012.

Sierra, C. A., Mueller, M., and Trumbore, S. E.: Modeling radiocarbon dynamics in soils: SOILR version 1.1, Geoscientific Model Develop-

ment, 7, 1919–1931, https://doi.org/10.5194/gmd-7-1919-2014, 2014.595

Sierra, C. A., Ceballos-Nunez, V., Metzler, H., and Mueller, M.: Representing and Understanding the Carbon Cycle Using the Theory of Com-

partmental Dynamical Systems, Journal of Advances in Modeling Earth Systems, 10, 1729–1734, https://doi.org/10.1029/2018MS001360,

2018a.

Sierra, C. A., Hoyt, A. M., He, Y., and Trumbore, S. E.: Soil Organic Matter Persistence as a Stochastic Process: Age and Transit Time

Distributions of Carbon in Soils, Global Biogeochemical Cycles, 32, 1574–1588, https://doi.org/10.1029/2018GB005950, 2018b.600

Steinhof, A., Altenburg, M., and Machts, H.: Sample preparation at the Jena C-14 laboratory, Radiocarbon, 59, 815–830,

https://doi.org/10.1017/RDC.2017.50, 2017.

Stuiver, M. and Polach, H.: Reporting of C-14 data - Discussion, Radiocarbon, 19, 355–363, https://doi.org/10.1017/S0033822200003672,

1977.

Sun, X., Zhao, Y., and Li, Q.: Holocene peatland development and vegetation changes in the Zoige Basin, eastern Tibetan Plateau, Science605

China Earth Sciences, 60, 1826–1837, 2017.

Tangarife-Escobar, A., Guggenberger, G., Feng, X., Dai, G., Urbina-Malo, C., Azizi-Rad, M., and Sierra, C.: Moisture and temper-

ature effects on the radiocarbon signature of respired carbon dioxide to assess stability of soil carbon in the Tibetan Plateau,

https://doi.org/10.5281/zenodo.7620008, 2023.

Tian, Y.-Q., Xu, X.-L., Song, M.-H., Zhou, C.-P., Gao, Q., and Ouyang, H.: Carbon sequestration in two alpine soils on the Tibetan Plateau,610

Journal of integrative plant biology, 51, 900–905, 2009.

Trumbore, S.: Age of soil organic matter and soil respiration: Radiocarbon constraints on belowground C dynamics, Ecological Applications,

10, 399–411, https://doi.org/10.1890/1051-0761(2000)010[0399:AOSOMA]2.0.CO;2, 2000.

Trumbore, S., Chadwick, O., and Amundson, R.: Rapid exchange between soil carbon and atmospheric carbon dioxide driven by temperature

change, Science, 272, 393–396, https://doi.org/10.1126/science.272.5260.393, 1996.615

von Lützow, M., Kögel-Knabner, I., Ludwig, B., Matzner, E., Flessa, H., Ekschmitt, K., Guggenberger, G., Marschner, B., and Kalbitz, K.:

Stabilization mechanisms of organic matter in four temperate soils: Development and application of a conceptual model, Journal of Plant

Nutrition and Soil Science, 171, 111–124, 2008.

Wang, M., Yang, G., Gao, Y., Chen, H., Wu, N., Peng, C., Zhu, Q., Zhu, D., Wu, J., He, Y., Tian, J., Zhao, X., and Zhang, Y.:

Higher recent peat C accumulation than that during the Holocene on the Zoige Plateau, Quaternary Science Reviews, 114, 116–125,620

https://doi.org/10.1016/j.quascirev.2015.01.025, 2015.

Wieder, W. R., Bonan, G. B., and Allison, S. D.: Global soil carbon projections are improved by modelling microbial processes, Nature

climate change, 3, 909–912, 2013.

Xiang, S., Guo, R., Wu, N., and Sun, S.: Current status and future prospects of Zoige Marsh in Eastern Qinghai-Tibet Plateau, Ecological

Engineering, 35, 553–562, https://doi.org/10.1016/j.ecoleng.2008.02.016, 2009.625

37

https://doi.org/10.5194/egusphere-2023-210
Preprint. Discussion started: 14 February 2023
c© Author(s) 2023. CC BY 4.0 License.



Xu, X., Shi, Z., Chen, X., Lin, Y., Niu, S., Jiang, L., Luo, R., and Luo, Y.: Unchanged carbon balance driven by equivalent responses of

production and respiration to climate change in a mixed-grass prairie, Global Change Biology, 22, 1857–1866, 2016.

Yang, G., Chen, H., Wu, N., Tian, J., Peng, C., Zhu, Q., Zhu, D., He, Y., Zheng, Q., and Zhang, C.: Effects of soil warming, rain-

fall reduction and water table level on CH4 emissions from the Zoige peatland in China, Soil Biology and Biochemistry, 78, 83–89,

https://doi.org/10.1016/j.soilbio.2014.07.013, 2014.630

Yang, Z., Zhu, D., Liu, L., Liu, X., and Chen, H.: The effects of freeze-thaw cycles on methane emissions from peat soils of a high altitude

peatland, Frontiers in Earth Science, p. 452, 2022.

Yao, T., Xue, Y., Chen, D., Chen, F., Thompson, L., Cui, P., Koike, T., Lau, W. K.-M., Lettenmaier, D., Mosbrugger, V., Zhang, R., Xu,

B., Dozier, J., Gillespie, T., Gu, Y., Kang, S., Piao, S., Sugimoto, S., Ueno, K., Wang, L., Wang, W., Zhang, F., Sheng, Y., Guo, W.,

Ailikun, Yang, X., Ma, Y., Shen, S. S. P., Su, Z., Chen, F., Liang, S., Liu, Y., Singh, V. P., Yang, K., Yang, D., Zhao, X., Qian, Y., Zhang,635

Y., and Li, Q.: Recent Third Pole’s Rapid Warming Accompanies Cryospheric Melt and Water Cycle Intensification and Interactions

between Monsoon and Environment: Multidisciplinary Approach with Observations, Modeling, and Analysis, Bulletin of the American

Meteorological Society, 100, 423–444, https://doi.org/10.1175/BAMS-D-17-0057.1, 2019.

Zhang, G., Zhang, Y., Dong, J., and Xiao, X.: Green-up dates in the Tibetan Plateau have continuously advanced from 1982 to 2011, Proceed-

ings of the National Academy of Sciences of the United States of America, 110, 4309–4314, https://doi.org/10.1073/pnas.1210423110,640

2013.

Zhao, Y., Yu, Z., and Zhao, W.: Holocene vegetation and climate histories in the eastern Tibetan Plateau: controls

by insolation-driven temperature or monsoon-derived precipitation changes?, Quaternary Science Reviews, 30, 1173–1184,

https://doi.org/10.1016/j.quascirev.2011.02.006, 2011.

Zhou, W., Cui, L., Wang, Y., Li, W., and Kang, X.: Carbon emission flux and storage in the degraded peatlands of the Zoige alpine area in645

the Qinghai–Tibetan Plateau, Soil Use and Management, 37, 72–82, 2021.

38

https://doi.org/10.5194/egusphere-2023-210
Preprint. Discussion started: 14 February 2023
c© Author(s) 2023. CC BY 4.0 License.


