
Microbial necromass underpins long-term soil carbon stability and 
ecosystem carbon persistence in pine reforestations

Shiyang Wua, Liehua Tiea,b,c,d,*, Jordi Sardansc,d, Xingliang Xue, Ji Chenf, Peilei Hug, Lei Dengh, 
Yixian Kongb, Shengnan Ouyanga, Congde Huangb,i, Josep Pe~nuelasc,d, Guijie Dinga

a Institute for Forest Resources and Environment of Guizhou, Guizhou Key Laboratory of Forest Cultivation in Plateau Mountain, College of Forestry, Guizhou University, 
Guiyang 550025, China
b Forest Ecology and Conservation in the Upper Reaches of the Yangtze River Key Laboratory of Sichuan Province, College of Forestry, Sichuan Agricultural University, 
Chengdu 611130, China
c CSIC, Unitat D’Ecologia Global CREAF-CSIC-UAB, Edifici C, Universitat Aut�onoma de Barcelona, Bellaterra, Barcelona 08193, Spain
d CREAF, Cerdanyola Del Vall�es, Barcelona 08193, Spain
e Key Laboratory of Land Surface Pattern and Simulation, Key Laboratory of Ecosystem Network Observation and Modeling, Institute of Geographic Sciences and Natural 
Resources, Chinese Academy of Sciences, Beijing 100101, China
f State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences, Xi'an 710061, China
g Institute of Subtropical Agriculture, Chinese Academy of Sciences, Changsha 410125, China
h State Key Laboratory of Soil and Water Conservation and Desertification Control, Northwest A&F University, Yangling 712100, China
i Sichuan Mt. Emei Forest Ecosystem National Observation and Research Station, Leshan 614200, China

A R T I C L E  I N F O

Keywords:
Ecosystem carbon storage
Soil Organic Carbon (SOC) fractions
Microbial necromass
Stand age
Pinus massoniana

A B S T R A C T

The long-term carbon (C) sequestration potential of plantations hinges on the dynamics and persistence of 
mature forest C sinks, yet how C storage and stability evolve with increasing forest age remains unclear. Here, we 
examined a chronosequence of mature Pinus massoniana reforestations (32-, 45-, and 60-year-old) to quantify 
ecosystem C storage across plant (tree, shrub, and herb), litter, and soil (0–100 cm) pools, and to assess soil 
organic carbon (SOC) stability via the ratio of mineral-associated organic carbon (MAOC) vs. particulate organic 
carbon (POC). Results showed that the total ecosystem C storage remained relatively constant across stand 
developmental stages, reflecting that plant C storage increased 53.4% from 32 to 45 years, then declined, while 
SOC storage decreased 53.9% from 32 to 45 years, then increased. In contrast, the 64.0% rise in the MAOC/POC 
ratio from 32 to 60 years may reflect a trend of enhanced SOC stability. Microbial necromass constituted 45.9%– 
64.8% of SOC, with fungal necromass dominating bacterial necromass, especially in the subsoils (20–100 cm). 
Additionally, SOC, POC, and MAOC showed strong positive correlations with microbial necromass but exhibited 
weak associations with plant and litter C pools. The MAOC/POC ratio correlated strongly with the ratio of fungal 
necromass carbon (FNC) vs. bacterial necromass carbon (BNC). These results reveal that microbial—especially 
fungal—necromass may underpin the soil C stability and ecosystem C persistence of mature pine reforestations. 
Therefore, accurately predicting the long-term C sequestration of mature reforestation requires a mechanistic 
understanding that integrates both SOC stability and microbial necromass dynamics.

1. Introduction

Forests are widely recognized as an essential natural solution for 
mitigating climate change due to their high carbon (C) sequestration 
capacity, and have been prioritized in numerous national and interna
tional initiatives (Griscom et al., 2017; Pugh et al., 2019). Consequently, 

plantation forests, particularly through afforestation and reforestation 
efforts, have expanded at a rate of 2.4% per year, now accounting for 
7.4% of the global forest cover (FAO, 2020; Xu et al., 2024). However, 
the long-term carbon sequestration of these plantations remains uncer
tain (Shan et al., 2025; Shang et al., 2023; Xu et al., 2024). One key 
reason is that the forest age strongly regulates the magnitude and timing 
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of C sequestration (Shan et al., 2025; Shang et al., 2023; Tang et al., 
2014). Moreover, the enduring long-term C sequestration of afforesta
tion and reforestation depends not only on C accumulation but also on 
the persistence of C sinks in mature forests (Bossio et al., 2020; Liu et al., 
2025b; Minasny et al., 2017; Zhou et al., 2006). This highlights the need 
to quantify both the storage and stability of C—two critical parameters 
in forest C models (Bar-On et al., 2025; Bossio et al., 2020; Liu et al., 
2025b)—to better understand when planted forest C sinks occur and our 
ability to predict their continued future existence.

The multi-compartment storage of C in forest ecosystems, across 
plant biomass, litter layer, and particularly in soil organic matter, forms 
the foundational framework for assessing C storage (Bani et al., 2018; 
Minasny et al., 2017; Pugh et al., 2019). Early-stage stands typically 
exhibit higher plant growth rates and greater biomass C accumulations 
(Hua et al., 2022; Justine et al., 2017), whereas mature forests display 
more complex C dynamics. As forests aging, net primary productivity 
tends to decline, potentially reducing biomass C accumulation (Shang 
et al., 2023; Tang et al., 2014). Empirical evidence from Shang et al. 
(2023) demonstrates that young and intermediate-aged forests exhibit 
enhanced tree biomass C, whereas forest aging (35–75 years) correlates 
with an 8%–17% reduction in net primary productivity. These findings 
suggest that mature forest ecosystems may experience slower biomass C 
accumulation than younger forests (Justine et al., 2017; Shang et al., 
2023). Nevertheless, aging can also enhance understory vegetation di
versity, which may stabilize or even increase biomass C storage in 
old-growth forests (Li et al., 2023; Zhou et al., 2017). Additionally, the 
global forest litter pool represents a substantial C reservoir, estimated to 
currently store more than 2,830 Tg of C (Bani et al., 2018). Its net 
changes with stand age result from the balance between litterfall inputs 
and decomposition losses (Bani et al., 2018; Prescott, 2010). Many 
studies report that increasing litter C storage from middle-aged to 
mature forests followed by stabilization (Güner et al., 2024; Xu et al., 
2025). By contrast, soil organic carbon (SOC) storage dynamics with 
stand aging are less consistent. Although SOC storage often increases 
with stand development (Li et al., 2023; Zeng et al.), other studies report 
a decrease (Zhou et al., 2017) or no significant trends (Justine et al., 
2017; Zhu et al., 2017).

Beyond C storage capacity, the stability of SOC has emerged as a 
crucial determinant of long-term C sequestration in forests (Angst et al., 
2023; Cotrufo et al., 2019; Lavallee et al., 2019; Liu et al., 2025b). SOC 
stability is governed by the balance between functionally distinct frac
tions, namely mineral-associated organic carbon (MAOC, <53 μm) and 
particulate organic carbon (POC, >53 μm) fractions (Angst et al., 2023; 
Cotrufo et al., 2019; Lavallee et al., 2019). MAOC stabilized through 
mineral adsorption and physical protection within soil aggregates, 
demonstrates remarkable persistence, remaining stable for centuries to 
millennia (Angst et al., 2023; Lavallee et al., 2019). Conversely, POC 
primarily comprises partially decomposed plant residues and demon
strates relatively rapid turnover rates (Angst et al., 2023; Lavallee et al., 
2019; Witzgall et al., 2021). Therefore, the MAOC/POC ratio serves as a 
useful indicator of SOC stability (Liu et al., 2025b; Nuralykyzy et al., 
2023; Reinsch et al., 2025). However, reported POC and MAOC dy
namics with forest aging are inconsistent, showing increases (Su et al., 
2023; Zhao et al., 2024), decreases (Zhang et al., 2022b), and negligible 
changes (Zhang et al., 2022a; Zhao et al., 2024). Importantly, most 
studies focus on topsoil layers (0–20 cm) (Su et al., 2023; Yost and 
Hartemink, 2020), even though over 70% of SOC resides below 20 cm 
(Hicks Pries et al., 2023). Deep soil layers, characterized by reduced root 
and microbial biomass and enhanced mineral contents, may exhibit 
different stabilization mechanisms with stand aging (Hicks Pries et al., 
2023; Xu et al., 2020). Quantifying SOC stability throughout both 
topsoil and subsoil profiles is thus essential for a complete understand
ing of forest C dynamics.

Plants and microorganisms are recognized as the key drivers for the 
formation and transformation of forest SOC (Feng, 2022; Hu et al., 2023; 
Kallenbach et al., 2016; Wang et al., 2021). Plant-derived C enters the 

soil mainly through litter decomposition and root exudation (Adamczyk 
et al., 2019a; Feng, 2022; Sokol et al., 2018a), while microbial-derived C 
originates from microbial turnover and contributes to the formation of 
persistent microbial necromass carbon (MNC) (Lavallee et al., 2019; 
Liang et al., 2017; Tao et al., 2023). Amino sugars are reliable bio
markers of MNC, with glucosamine (GluN) and muramic acid (MurA) 
representing fungal necromass carbon (FNC) and bacterial necromass 
carbon (BNC), respectively (Joergensen, 2018). Microbial necromass 
contributes disproportionately to MAOC formation via sorption to clay 
minerals and Fe/Al (hydr) oxides, thereby promoting long-term SOC 
stabilization (Angst et al., 2023; Sokol et al., 2018b). Although MNC has 
recently been recognized as a dominant and stable SOC source globally 
(Kallenbach et al., 2016; Liang et al., 2017; Wang et al., 2021), its 
temporal dynamics and relative importance compared to plant-derived 
inputs across forest development remain poorly understood.

As a native pioneer tree species, Pinus massoniana has been exten
sively utilized in afforestation and reforestation initiatives across sub
tropical regions of China (Dou et al., 2013; Zhang et al., 2022a). This 
species plays a crucial role in timber production, C sequestration, and 
ecosystem services (Bai et al., 2020; Cao et al., 2024; Guo et al., 2023). 
Research indicates that C accumulation in P. massoniana plantations 
demonstrates distinct stage-dependent patterns, characterized by 
increasing plant biomass C storage during initial reforestation phases, 
while soil C pools may either progressively accumulate or maintain 
relative unchanged (Justine et al., 2017; Xiang et al., 2024). However, 
existing research has primarily focused on young to near-mature plan
tations (<30 years) (Dou et al., 2013; Zhang et al., 2022a). The dynamics 
of ecosystem C storage and SOC stability in mature forests (>30 years) 
remain poorly understood. Moreover, previous studies have mostly 
focused on the surface soils (e.g., 0–30 cm) (Guo et al., 2023; He et al., 
2021; Shen et al., 2023), overlooking potentially large and age-sensitive 
C pools in deeper layers (Dubeux et al., 2024; Hicks Pries et al., 2023).

To address these gaps, we investigated mature P. massoniana re
forestations across three age classes: 32, 45, and 60 years old. We 
collected samples from plant communities (trees, shrubs, and herbs), 
litter layer, and soil profiles. Soil sampling extended to 100 cm depth to 
capture whole-profile organic carbon dynamics. Our study had three 
specific objectives: (1) To quantify total ecosystem C storage and its 
partitioning among plant, litter, and soil pools along the chronose
quence; (2) to assess SOC stability dynamics in mature forests using the 
MAOC/POC ratio; and (3) to identify the relationship among soil POC 
and MAOC dynamics and their drivers (e.g., plant, litter, or microbial 
necromass) throughout stand development stages. Furthermore, we also 
aim to enhance the understanding of C persistence in mature refores
tation ecosystems. Particular emphasis is placed on older stands and 
deeper soil layers, two critical yet underexplored dimensions essential 
for accurately forecasting forest C sinks under sustainable management 
strategies.

2. Materials and methods

2.1. Study site and experimental design

This study was conducted at the National Long-term Scientific 
Research Station of Guizhou University, located at 106◦45′–107◦11′ E 
and 26◦22′–26◦45′ N, with an elevation range of 1,250–1,350 m 
(Fig. S1a). The research site experiences a subtropical humid monsoon 
climate, characterized by a mean annual temperature of 13.5 ◦C and 
mean annual precipitation of 1,200 mm. Large-scale reforestation ini
tiatives have been implemented at the research site since the mid-20th 
century. Specifically, P. massoniana plantations were established in 
1963 (60-year-old, 50 ha), 1978 (45-year-old, 100 ha), and 1991 (32- 
year-old, 80 ha). Prior to P. massoniana reforestation, the area was pri
marily covered by mixed evergreen and deciduous broadleaf forests with 
approximately 23 g•kg− 1 top SOC. The original forest ecosystem, 
including understory vegetation, was cut down before reforestation 
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within one year. Since plantation establishment, all stands were thinned 
at intervals of approximately of eight to ten years to improve stand 
productivity and promote tree growth. Thinning followed a standard
ized protocol: operations were initiated when canopy density exceeded 
0.9, with removal intensity determined by the target post-thinning 
density. Canopy density was maintained between 0.6 and 0.7 after 
each thinning event. All logging residues (e.g., deadwood, branches, and 
leaves) were subsequently removed from the study plots. The soil, 
classified as a Ferralsol according to the World Reference Base for Soil 
Resources (WRB, 2015), consists of old alluvial yellow loam with a 
depth of approximately 120 cm. Additional details regarding the study 
site and experimental design are available in Tie et al. (2024).

This study employed a space-for-time substitution approach, inves
tigating mature P. massoniana reforestations of three age classes: 32, 45, 
and 60 years. Between August 15 and 30, 2022, we established fifteen 
20 m × 20 m plots, with five replicates per stand age group (Fig. S1b). 
All plots were separated by a minimum distance of 500 m to ensure 
spatial independence, with spatial variability quantified. We conducted 
individual tree measurements for all P. massoniana specimens within 
each plot. Mean diameter at breast height (DBH) values for 
P. massoniana were 34.9 ± 3.9 (60-year-old), 27.6 ± 2.9 (45-year-old), 
and 20.1 ± 1.0 cm (32-year-old). Stand densities averaged 550 ± 21 (60- 
year-old), 764 ± 25 (45-year-old), and 1,300 ± 61 stems•ha− 1 (32-year- 
old). Detailed plot characteristics are presented in Table S1.

2.2. Plant and litter sampling and analysis

Plant and litter sampling was carried out across all study plots in 
August 2022. Three representative trees with average stand-level DBH 
were selected per plot. From each selected tree, we collected approxi
mately 100 g of mature green leaves and 200 g of branches from the 
upper canopy for C content and storage analysis. Given the limited root 
biomass of understory vegetation, sampling focused exclusively on 
P. massoniana roots. Fine root samples (≤2 mm diameter) were collected 
through systematic soil excavation along the root system from base to 
tip. Approximately 10 g of fine roots per tree were combined into 
composite samples for C analysis. Stem cores were extracted at breast 
height from each selected tree using an increment borer. P. massoniana 
biomass components (leaves, branches, stems, and roots) were quanti
fied using an allometric growth model that relates biomass to DBH 
(N�avar, 2009), see below.

Five subplots were systematically established for understory vege
tation and litter sampling, positioned at the center and along the di
agonals of each main plot (Fig. S1c). Within each 2 m × 2 m shrub 
subplot, stems and leaves were collected and homogenized into com
posite samples for biomass quantification and C analysis. Similarly, all 
herbaceous vegetation within 1 m × 1 m subplots was harvested 
(Fig. S1c). As leaf litter constitutes approximately 90% of annual lit
terfall in P. massoniana reforestations (Bai et al., 2023), our sampling 
focused primarily on this component. All leaf litter within 0.5 m × 0.5 m 
subplots was collected for biomass determination and C analysis 
(Fig. S1c). Biomass was determined by oven-drying samples at 60 ◦C to 
constant weight, followed by precise weighing. Dried samples were 
ground and sieved through a 0.1 mm mesh for C content analysis, with C 
storage calculated as the product of biomass and C content.

2.3. Soil sampling and analysis

Five soil sampling subplots were established at the midpoint and 
along the diagonals of each study plot for soil profile analysis (Fig. S1c 
and S1d). Soil samples were collected at depths of 0–20, 20–60, and 
60–100 cm. Samples were uniformly collected from each depth layer, 
proceeding from top to bottom, to obtain approximately 1,000 g of soil 
per layer, which were then thoroughly homogenized to create depth- 
specific composite samples. In the laboratory, composite samples were 
manually cleaned of roots and gravel using tweezers. Each processed soil 

sample was divided into two subsamples. One subsample was stored at 
4 ◦C for microbial biomass carbon (MBC) analysis, completed within one 
week of collection. Another subsample was air-dried and sequentially 
sieved through 2 and 0.149 mm meshes for analysis of SOC, its fractions 
(POC and MAOC), and amino sugars.

SOC was fractionated into POC and MAOC following the wet sieving 
and particle size fractionation protocol (Lavallee et al., 2019). For the 
fractionation process, 10 g of air-dried soil (sieved through 2 mm) was 
transferred to a 50 mL Erlenmeyer flask. A 5% (w/v) sodium hexame
taphosphate solution was added, and the mixture was shaken at 90 
r⋅min− 1 for 18 h using an orbital shaker to achieve complete soil 
dispersion. The dispersed suspension was filtered through a 53 μm sieve, 
where the <53 μm fraction was collected as MAOC and the >53 μm 
fraction was retained as POC. Both fractions were oven-dried at 60 ◦C to 
constant weight, followed by C content determination using the 
Walkley-Black potassium dichromate oxidation method (Walkley and 
Black, 1934).

MBC was quantified using the chloroform fumigation-K2SO4 
extraction method (Brookes et al., 1985), with C content in the extracts 
measured by a total organic carbon analyzer (Vario TOC, Elementar, 
Germany). Soil amino sugar content was analyzed following the hy
drochloric acid hydrolysis-gas chromatography protocol (Camenzind 
et al., 2023). For the analysis, 0.5 g of air-dried soil (sieved through 
0.149 mm) was weighed into a hydrolysis flask, followed by the addition 
of 10 mL of 6 mol•L− 1 hydrochloric acid. Following nitrogen purging, 
samples were hydrolyzed at 105 ◦C for 8 h. After adding 100 μL of 
inositol as an internal standard, the hydrolysate was filtered and 
concentrated to dryness using a rotary evaporator. The necromass was 
re-dissolved in ultrapure water, and the pH was adjusted to 6.6–6.8 with 
potassium hydroxide before centrifugation to remove precipitates. The 
supernatant was dried under nitrogen, re-suspended in methanol, and 
centrifuged again. Then, the subsample was concentrated and 
re-dissolved in ultrapure water and lyophilized. Derivatization was 
performed using acetic anhydride under heating, followed by the addi
tion of hydrochloric acid in dichloromethane. The organic phase was 
washed with deionized water, dried under a nitrogen stream, and 
reconstituted in a 1:1 (v/v) ethyl acetate:n-hexane mixture. Amino sugar 
concentrations, including GlcN and MurA, were quantified by gas 
chromatography using an UltiMate 3000 system (Agilent, USA).

2.4. Statistical analysis

The biomass of P. massoniana leaves, branches, stems, roots, and total 
tree layer biomass was estimated using an allometric growth model 
based on the relationship between biomass and DBH (N�avar, 2009): 

Wl;br;s;r = al;br;s;r × DBHbl;br;s;r (1) 

where W indicates the biomass of each organ (kg); l, br, s and r indicate 
leave, branch, stem, root, respectively; a is the proportionality constant, 
representing the initial proportional relationship between tree biomass 
and DBH; b is the allometric growth exponent, reflecting the nonlinear 
growth rate of tree biomass as DBH changes, and revealing the strength 
and morphological characteristics of the relationship between DBH and 
tree biomass. The values of both parameters vary across different DBH 
classes and plant organs (Gao et al., 2016).

The content of plant and litter C was determined using the external 
heating potassium dichromate oxidation method (Walkley and Black, 
1934). The storage of plant and litter C was calculated as Eq. 2: 

C storage= biomass × C content × 10− 6 (2) 

where C storage is in t⋅ha− 1, biomass is in kg⋅ha− 1, and C content is in 
g⋅kg− 1.

The bacterial, fungal, and MNC contents were calculated using Eqs. 
3–5 (Hu et al., 2024): 
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BNC=MurA × 31:3 (3) 

FNC=(GlcN − 1:16×MurA) × 10:8 (4) 

MNC=BNC + FNC (5) 

The storage of SOC, POC, MAOC, MBC, and MNC (including BNC and 
FNC) was calculated as in Eq. 6 (Grimm et al., 2008): 

Soil C storage= 0:1 × C content × soil bulk density × soil layer depth (6) 

where Soil C storage is in t⋅ha− 1, C content in g⋅kg− 1, soil bulk density is 
in g⋅cm− 3, and soil layer depth is in cm.

Linear mixed-effects models with restricted maximum likelihood 
(REML) estimation were employed to assess the impact of stand age on C 
content and storage in plant components (including P. massoniana and 
understory vegetation), litter, and the total ecosystem. In these models, 
stand age was treated as a fixed effect, while study plot and stand density 
were included as random effects. Furthermore, linear mixed-effects 
models with REML estimation were implemented to evaluate the ef
fects of stand age, soil depth, and their interaction on the content and 
storage of SOC, its fractions (POC and MAOC), MBC, MNC (including 
BNC and FNC), and the MAOC/POC ratio. In these models, stand age and 
soil depth were specified as fixed effects, while study plot and stand 
density were incorporated as random effects. To prevent biased esti
mates from spatial pseudoreplication and obtain generalizable conclu
sions, we modeled plot and stand density as random effects in this study. 
Post hoc multiple comparisons were performed using Tukey's Honestly 
significant difference (HSD) test at a 95% confidence level (p < 0.05).

To investigate the temporal dynamics of relationships among plant, 
litter, and soil C pools across stand developmental stages, Spearman 
correlation analysis was conducted to evaluate the associations among 
plant and litter C pools and SOC and its fractions. To examine the 
temporal dynamics between microbial and soil C pools across stand 
developmental stages, linear regression analysis was performed to 
quantify the relationships among MNC (including BNC and FNC) and 

SOC, POC, and MAOC contents. To further investigate the relationship 
between SOC stability and microbial necromass, linear regression 
analysis was employed to assess the association between the MAOC/ 
POC ratio and the FNC/BNC ratio. All statistical analyses were con
ducted using R version 4.4.2 (R Core Team, 2024) on Windows platform.

3. Results

3.1. Dynamics of ecosystem carbon storage and its allocation along the 
chronosequence

Plant (P. massoniana and understory vegetation) C storage increased 
significantly by 53.4% from 32 to 45 years, but decreased slightly by 
20.6% from 45 to 60 years (Fig. 1a, b, and e). Litter C storage remained 
stable across the three stand ages (32, 45, and 60 years), showing no 
significant variations (Fig. 1c and e). SOC storage in the 0–100 cm 
profile exhibited a significant reduction of 53.9% from 32 to 45 years 
(particularly in the 0–60 cm layer), followed by a substantial increase of 
68.2% from 45 to 60 years (Fig. 1d and e). Overall, ecosystem C storage 
showed no significant changes across the three stand ages (Fig. 1e).

3.2. Dynamics of SOC fractions and their stability along the 
chronosequence

Both the content and storage of soil POC showed significant declines 
from 32- to 45-year-old stands, with this decreasing trend continuing 
through to 60-year-old stands (Fig. 2a and c). The content and storage of 
MAOC exhibited a significant reduction from 32 to 45 years, followed by 
a modest recovery from 45 to 60 years (Fig. 2b and d). Across the 
0–100 cm soil profile, the MAOC/POC ratio demonstrated a consistent 
upward trend along the chronosequence, reaching significantly higher 
values in 60-year-old stands compared to 32-year-old stands (particu
larly in the 60–100 cm soils; Fig. 3). This pattern may at least partly 
contribute to enhanced SOC stability along the chronosequence.

Fig. 1. Dynamics of ecosystem carbon storage (e) and its allocation (a–e) across stand developmental stages. PM (leaf), PM (stem), and PM (root) represent the 
leaves (including leaves and branches), stems, and roots of P. massoniana, respectively. The values are the means ± standard error of five replicate plots. Different 
capital letters denote significant differences between stand ages at the same P. massoniana organs, understory vegetation types, and soil depth (p < 0.05). The 
horizontal lines compare the differences in total C storage between different stand ages. Significance levels are as follows: *p < 0.05.
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3.3. Dynamics of microbial biomass and necromass carbon along the 
chronosequence

MBC content and storage in the 0–100 cm soil profile remained 
stable across the three stand ages, showing no significant variations 
(Fig. 4a and e). However, in the 0–100 cm layer, the storage of BNC, 
FNC, and MNC decreased by 55.3%, 52.0%, and 52.8%, respectively, 

from 32 to 45 years, and increased from 45 to 60 years (although it was 
not significant, Fig. 4f–h). The proportion of MNC to SOC did not change 
significantly along the chronosequence, but it was high (45.9%–64.8% 
proportion), especially in the 20–100 cm soil layer (always over 50% 
proportion) (Fig. S3). Additionally, fungal necromass contributions to 
SOC consistently exceeded those from bacterial necromass in the 
20–100 cm layer across the three stand ages (Fig. S3). These results 

Fig. 2. Dynamics of SOC fractions (a and b) content 
and (c and d) storage across stand developmental 
stages. The values are the means ± standard error of 
five replicate plots. Y, D, and Y × D represent the 
main effects of stand age, soil depth, and their in-
teractions, respectively. Different capital letters 
denote significant differences between stand ages at 
the same soil depth (p < 0.05), and different lower-
case letters denote significant differences between 
soil depth at the same stand ages (p < 0.05). The 
horizontal lines compare the differences in total C 
storage between different stand ages. Significance 
levels are as follows: *p < 0.05.

Fig. 3. Dynamics of the MAOC to POC ratio across 
stand developmental stages. (a) Differences in the 
MAOC to POC ratio among different stand ages and 
soil depth. (b) Differences in the 0–100 cm MAOC to 
POC ratio among different stand ages. The values are 
the means ± standard error of five replicate plots. Y, 
D, and Y × D represent the main effects of stand age, 
soil depth, and their interactions, respectively. 
Different capital letters denote significant differences 
between stand ages at the same soil depth (p < 0.05), 
and different lowercase letters denote significant 
differences between soil depths at the same stand age 
(p < 0.05).
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indicate that microbial—especially fungal—necromass likely plays a 
dominant role in contributing to SOC content, particularly in the subsoil.

3.4. Relationships among plant, litter, microorganism, and SOC fractions

Our results highlight that SOC, POC, and MAOC have stronger cor
relations with MNC (especially fungal necromass) compared to the plant 

and litter C pools (Figs. 5 and 6). Specifically, SOC, POC, and MAOC 
showed individual significant correlations with the parameters of 
P. massoniana, understory vegetation, and litter C storage (Fig. 5). 
However, a significant positive correlation was found among SOC as 
well as MAOC contents and MNC, BNC, and FNC across all soil layers 
(Fig. 6). Notably, a significant positive correlation was found between 
the MAOC/POC ratio and the FNC/BNC ratio (Fig. S4).

Fig. 4. Dynamics of microbial biomass and necromass carbon (a–d) content and (e–h) storage across stand developmental stages. The values are the 
means ± standard error of five replicate plots. Y, D, and Y × D represent the main effects of stand age, soil depth, and their interactions, respectively. Different capital 
letters denote significant differences between stand ages at the same soil depth (p < 0.05), and different lowercase letters denote significant differences between soil 
depths at the same stand age (p < 0.05). The horizontal lines compare the differences in ecosystem C storage between different stand ages. Significance levels are as 
follows: *p < 0.05.

Fig. 5. Pearson correlation heatmap among SOC fractions content (g•kg− 1), plant and litter carbon storage (t•ha− 1) at different soil depths. Darker colors and larger 
shapes indicate stronger correlations. Significant correlations are marked with *p < 0.05 or **p < 0.01.
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4. Discussion

4.1. Ecosystem carbon storage remains stable across stand developmental 
stages

Total ecosystem C storage in P. massoniana reforestations did not vary 
significantly across stand developmental stages, reflecting different 
changes between plant and soil C pools (Fig. 1e). Plant C storage increased 
from 32 to 45 years due to larger DBH, but slightly declined thereafter as 
stand density decreased (Table S1). In contrast, SOC storage declined by 
53.9% from 32 to 45 years and then recovered modestly at 60 years, 
mainly within the 0–60 cm layer (Fig. 1e). This contrasts with findings 
from Liu et al. (2025a), who reported increases of SOC across stand 
developmental stages likely arise from contrasting nutrient availability 
and mycorrhizal associations (Feng, 2022; Frey, 2019; Zhao et al., 2024). 
Specifically, soil available phosphorus (P) in our sites ranged only 
1.12–1.56 mg•kg− 1 (Table S1), which were substantially lower than the 
values (1.60–1.94 mg•kg− 1) reported by Liu et al. (2025a). This low-P 
regime likely stimulates plants and microbes to accelerate soil organic 
matter decomposition to acquire P (Ding et al., 2021; Tie et al., 2024). On 
the other hand, P. massoniana, an ectomycorrhizal (ECM) species, pro
duces slowly decomposing litter (Chae et al., 2019). This delays C transfer 
to the soil—a pattern consistent with the relatively high surface-layer SOC 
contents (approximately 23 g•kg− 1) than that (approximately 20 g•kg− 1) 
reported by Liu et al. (2025a), reflecting both C accumulation potential 
and slow turnover (Chae et al., 2019; Feng, 2022; Frey, 2019). In contrast, 
Robinia pseudoacacia, an arbuscular mycorrhizal (AM) species studied by 
Liu et al. (2025a), promotes faster carbon cycling (Frey, 2019; Liang et al., 

2017; Liu et al., 2025a), which aligns with its moderate yet synchronously 
increasing SOC levels.

Notably, the storage of POC declined more sharply than MAOC from 
32 to 45 years (− 68.4% vs. − 49.0%), while MAOC storage recovery 
drove the SOC rebound from 45 to 60 years (+73.9%; Fig. 2c and d). The 
dynamics likely reflect a trade-off strategy between nutrient mining and 
mineral association (Ding et al., 2021; Hu et al., 2023; Tie et al., 2020). 
Our previous investigations conducted in these same experimental plots 
have demonstrated that P limitation becomes progressively more severe 
across stand developmental stages in P. massoniana plantations, char
acterized by a 65.2% decrease in labile P and a 59.7% reduction in 
moderately labile P between 32- and 60-year-old stands (Tie et al., 
2024). Increasing P limitation across stand developmental stages (Tie 
et al., 2024) may stimulate nutrient mining (Ding et al., 2021; Frey, 
2019), resulting in POC and MAOC losses during 32 to 45 years (Fig. 2c 
and d). Additionally, the increased understory vegetation diversity 
across stand developmental stages (Table S1) may have accelerated 
nutrient mining, further amplifying C loss during this stage (Li et al., 
2026). However, the stronger soil P scarcity indicates increased soil 
mineral adsorption and protection, likely resulting in enhanced mineral 
sites and thus increased MAOC storage in the late stage of stand devel
opment (Lieberman et al., 2025; Spohn, 2024; Yi et al., 2023). The 
observed 78.6% increase in MNC (Figs. 4f) and 17.9% rise in acid 
phosphatase activity (Tie et al., 2024) between 45- and 60-years support 
this mechanism, indicating a shift to microbially and mineral mediated 
C stabilization in older stands.

Fig. 6. Relationship between MNC and SOC fractions across soil depth as determined by linear regression analysis. The solid line denotes the fitted regression line, 
and the shaded band indicates the 95% confidence interval. Significant regression (p < 0.05) suggests a strong association.
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4.2. SOC stability enhances along the chronosequence

The MAOC/POC ratio in the 0–100 cm soil layer increased 64.0% 
from 32 to 60 years (Fig. 3b), which may reflect a trend of enhanced SOC 
stability throughout stand development stages. This shift may be 
attributed to a more substantial reduction in POC storage (− 68.4%) than 
in MAOC (− 49.0%) between 32 and 45 years, and a recovery of MAOC 
(+73.9%) after 45 years (Fig. 2c and d). Because MAOC is physically and 
chemically protected by mineral surfaces, it resists decomposition, 
whereas POC represents more labile plant residues (Angst et al., 2023; 
Lavallee et al., 2019; Witzgall et al., 2021). Thus, the greater relative 
reduction in POC (− 68.4%) between 32 and 45 years reflects intensified 
nutrient extraction and microbial decomposition (Ding et al., 2021; 
Frey, 2019), while the later MAOC increase likely corresponds to slightly 
enhanced microbial necromass formation (Fig. 4f–h) and mineral asso
ciation (Adamczyk et al., 2019a; Angst et al., 2023; Ding et al., 2021; 
Reichert et al., 2022).

Additionally, we observed that the MAOC/POC ratio in the surface 
soil (0–20 cm) was lower compared to the subsoil (20–100 cm), 
although this difference was not statistically significant (Fig. 3a). This 
aligns with the “wedge concept” proposed by Hicks Pries et al. (2023), 
which posits that SOC in deeper layers is predominantly stable and ac
crues as a “wedge” over longtime scales due to differing stabilization 
mechanisms compared to surface soils. Indeed, surface soils, charac
terized by extensive rhizosphere and hyphosphere networks, exhibit a 
greater density of microbial activity hotspots (Kuzyakov and Blago
datskaya, 2015). However, subsoils experience reduced C inputs and 
diminished biological activity, making them more susceptible to 
mineralogical influences (Dubeux et al., 2024; Heinze et al., 2018; Hicks 
Pries et al., 2023). The stabilization of SOC in subsoils thus depends 
more on mineral properties (charge, surface area, Fe/Al oxides) than 
biological turnover (Dubeux et al., 2024; Heinze et al., 2018; Hicks Pries 
et al., 2023).

4.3. Microbial necromass dominates SOC, especially in deep soils

Microbial necromass accounted for approximately 50% of SOC in 
surface soils (0–20 cm) and up to 64.7% in subsoils (Fig. S3), exceeding 
the global forest averages of approximately 35% (Wang et al., 2021). 
The high Fe/Al oxide content typical of subtropical soils enhances 
mineral–organic associations, promoting microbial necromass retention 
(Sokol et al., 2018b; Tao et al., 2023; Yu et al., 2019). Consequently, 
microbial necromass is the primary contributor to SOC—especially 
MAOC—in these systems, whereas plant-derived inputs play a second
ary role due to slow pine litter decomposition (Chae et al., 2019).

Positive correlations between SOC, MAOC, and microbial necromass 
(Fig. 6) further highlight the dominant microbial control on soil carbon. 
Interestingly, fungal necromass contributed more strongly than bacterial 
necromass (Fig. S3), and the FNC/BNC ratio closely tracked the MAOC/ 
POC ratio (Fig. S4), indicating that fungal necromass may dispropor
tionately support long-term SOC persistence. Notably, this enhanced 
contribution at least partly occurs even though absolute FNC storage did 
not increase significantly (Fig. 4), underscoring the high stabilization 
efficiency of fungal-derived C. This dominance of fungal necromass over 
bacterial necromass in the subsoil can be attributed to several inter
acting mechanisms (Adamczyk et al., 2019b; Strickland and Rousk, 
2010; Su et al., 2023): (1) inherently more recalcitrant nature of fungal 
cell walls compared to bacterial cell structures; (2) higher carbon use 
efficiency (CUE) and elevated C/N ratios in fungi, resulting in greater 
residue production; and (3) enhanced stabilization of fungal necromass 
through complex interactions with tannins and other organic com
pounds. These findings position fungal necromass as a central mecha
nism underpinning SOC stability.

As soil depth increased, the slope of the relationship between mi
crobial necromass and SOC fractions exhibited a decreasing trend 
(Fig. 6). This could be attributed to restricted microbial activity in the 

subsoil environment (Dubeux et al., 2024; Hicks Pries et al., 2023). 
However, the R2 values of correlations in the subsoil were relatively 
higher than those in surface soils (Fig. 6), indicating that microbial 
necromass likely explains a greater proportion of SOC dynamics in deep 
layers. This depth-dependent pattern can also support the 
microbial-centric perspective in deeper soils, which aligns with the 
understanding that subsoil carbon dynamics are increasingly governed 
by microbial processes and mineral associations (Hicks Pries et al., 
2023).

Additionally, we observed weak correlations between plant/litter 
carbon storage and SOC fractions (Fig. 5). However, these weak corre
lations may not indicate a lack of ecological functional coupling, but 
likely reflect a temporal decoupling. Because plant and litter pools 
represent current or recent carbon inputs, whereas soil carbon 
pools—particularly MAOC—integrate long-term processes of carbon 
transformation and stabilization (Cotrufo et al., 2013; Parton et al., 
2007).

4.4. Limitations and broader implications

This study reveals that mature P. massoniana reforestations maintain 
unchanged total C storage while progressively enhancing SOC stability. 
However, several uncertainties remain. First, the specific microbial 
pathways mediating in vivo turnover and ex vivo modification processes 
that drive SOC storage and stability across stand developmental stages 
remain poorly understood. Therefore, future studies should integrate 
microbial CUE (Tao et al., 2023), metagenomics (Wani et al., 2025), and 
DNA-SIP (Pepe-Ranney et al., 2015) approaches to identify taxa and 
traits governing POC-MAOC turnover, particularly in subsoils (Fig. S3). 
Second, our findings offer novel insights into the dynamics of soil C 
stability and ecosystem C storage across plants, litter, and soil, and 
reveal a close association between microbial necromass and SOC. 
However, these findings are predominantly based on correlational re
lationships. Future research could elucidate the underlying mechanisms 
of our observed results by conducting controlled experiments (e.g., 
nutrient addition, litter input, and laboratory incubations) and 
employing isotopic tracer techniques (e.g., 13C and 33P) to further 
elucidate the underlying mechanisms. Third, thinning represents a 
widely implemented forest management practice in pine reforestation 
systems (Deng et al., 2020; Liu et al., 2024). Although this study 
considered the potential effects of thinning-induced changes in stand 
density on age effects, forest age and thinning history are confounded 
along this chronosequence and cannot be fully disentangled. Therefore, 
our study captures the integrated dynamics of stand development under 
a specific management history, rather than the pure effect of forest age 
per se. Nevertheless, the observed patterns still provide valuable insights 
into the carbon dynamics of managed mature pine forests—a common 
and representative forest type in South China. Future studies should 
further distinguish the individual effects of stand density (or thinning) 
from those of stand age.

5. Conclusions

Our findings reveal a mechanistic transition in mature P. massoniana 
reforestations, where total ecosystem carbon storage remained rela
tively constant, while soil carbon stability may have increased sub
stantially, reflected in a 64.0% rise in the 0–100 cm MAOC/POC ratio 
from 32 to 60 years. Microbial necromass constituted over half (45.9%– 
64.8%) of SOC, especially in the subsoils (20–100 cm), with fungal 
necromass dominating bacterial necromass. Hence, the ecosystem car
bon persistence of pine mature reforestations derives not from addi
tional carbon storage, but at least partly likely from the stability of SOC. 
Finally, integrating microbial necromass dynamics and subsoil stabili
zation processes into carbon models and forest management frameworks 
will improve predictions of pine reforestation's long-term role in carbon 
sequestration.
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