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Introduction: Many studies have identified stand age and soil microbial 
communities as key factors influencing soil respiration (Rs). However, the effects 
of stand age on Rs and soil microbial communities throughout the growth cycle 
of poplar (Populus euramevicana cv.‘I-214’) plantations remain unclear.

Methods: In this study, we adopted a spatial approach instead of a temporal 
one to investigate Rs and soil microbial communities in poplar plantations of 15 
different ages (1–15  years old).

Results: The results showed that Rs exhibited clear seasonal dynamics, with the 
highest rates observed in the first year of stand age (1-year-old). As stand age 
increased, Rs showed a significant decreasing trend. We further identified r-selected 
microbial communities (copiotrophic species) as key biological factors influencing 
the decline in Rs with increasing stand age. Other abiotic factors, such as soil 
temperature (ST), pH, soil organic carbon (SOC), nitrate nitrogen (NO3

−-N), and 
the C/N ratio of plant litter (Litter C/N), were also significantly correlated with Rs. 
Increased stand age promoted fungal community diversity but suppressed bacterial 
community diversity. Bacterial and fungal communities differed significantly in 
abundance, composition, and function, with the Litter C/N ratio being a key variable 
affected by microbial community changes.

Conclusion: This study provides crucial empirical evidence on how stand age affects 
Rs, highlighting the connection between microbial community assemblages, their 
trophic strategies, and Rs over the growth cycle of poplar plantations.
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1 Introduction

Soil respiration (Rs) is the process through which plant roots, fungi, and bacteria in the 
soil consume organic matter and produce carbon dioxide (CO2) (Bond-Lamberty and 
Thomson, 2010). It is a crucial component of the carbon cycle in terrestrial ecosystems and 
represents the second largest flux of carbon exchange with the atmosphere (Ma et al., 2023). 
Rs significantly influences atmospheric CO2 concentrations. It has been reported that soil 
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respiration releases 10 times more CO2 into the atmosphere annually 
than fossil fuel combustion (Masson-Delmotte et  al., 2021). 
Consequently, even small changes in Rs can substantially impact 
atmospheric CO2 levels and the global terrestrial ecosystem carbon 
cycle (Feng et al., 2018). Since the industrial revolution, atmospheric 
CO2 concentrations have surged, leading to a rise in global 
temperatures. In the context of global warming, understanding the 
characteristics of Rs and the factors influencing it is vital for estimating 
changes in atmospheric CO2 concentrations. This understanding is 
crucial for accurately assessing regional carbon balances (Huang et al., 
2020; Ma et al., 2014).

In terrestrial ecosystems, forests act as important natural carbon sinks 
and have a negative feedback effect on global warming (Bonan, 2008; Pan 
et al., 2011). Forests comprise roughly half of the biomass in terrestrial 
ecosystems and exert a significant and indispensable influence on the 
global soil carbon pool (Dixon et al., 1994). Stand age is a crucial indicator 
of forest developmental succession and carbon dynamics, with significant 
amounts of organic matter accumulating in the surface layer of forest soils 
over time (Bastida et  al., 2019; Tang et  al., 2009). Whether forest 
ecosystems act as carbon sources or sinks largely depends on the balance 
between photosynthetic carbon sequestration and respiration. 
Consequently, many studies have focused on the mechanisms of Rs 
changes and the factors influencing them. Previous studies on the impact 
of stand age on Rs has yielded three primary findings. First, Rs increases 
with stand age, mainly due to the growth and accumulation of soil organic 
carbon (SOC), roots, and microbial biomass (Wiseman and Seiler, 2004; 
Xiao et al., 2014). Second, there is an inverse relationship between Rs and 
stand age, attributed primarily to the decline in fine root biomass and 
metabolic activity (Gong et al., 2012; Yan et al., 2011; Zhao et al., 2016). 
Finally, some studies have found no significant linear correlation between 
Rs and stand age (Powers et al., 2018; Tang et al., 2009). The previous 
studies have selected discontinuous stand ages, and has not focused 
throughout the growth cycle.

Afforestation can increase carbon sequestration in terrestrial 
ecosystems, mitigate soil erosion, and reduce greenhouse gas 
emissions (Liu et al., 2013; Reay et al., 2007). Ecological restoration 
projects implemented in China in the late 1970s significantly 
contributed to carbon emissions in the 2001–2010 decade. These 
contributions were equivalent to 9.4 percent of the carbon emissions 
from fossil fuels during the same period (Fang et al., 2018; Lu et al., 
2018). China’s poplar plantation area reaches 7.57 Mha, ranking first 
in the world (National Forestry and Grassland Administration, 2019). 
Poplar is widely planted as pure or mixed species plantations, which 
has an economic value in providing wood and energy raw materials 
(Pilipovic et al., 2022), as well as mitigating the problem of dust storms 
and sandstorms in spring in northern China, which is of great 
significance for ecological environment protection and restoration of 
the areas in need of windbreaks and sand fixation. The increase in the 
area of poplar plantations is also due to their strong adaptability, rapid 
growth, and outstanding advantages in carbon sequestration (Gielen 
and Ceulemans, 2001). Additionally, poplars are also one of the major 
emitters of isoprene, a volatile organic compound (VOC) naturally 
released by trees, which has a significant impact on the atmospheric 
carbon cycle. Furthermore, the ability of poplars to emit isoprene is 
influenced by physiological states such as developmental stages, and 
is regulated by environmental factors such as temperature, light 
intensity, nitrogen nutrition, and atmospheric CO2 concentration 
(Teuber et al., 2007). Therefore, the study of the relationship between 
the age of poplar plantations and carbon emissions is of great 

significance in addressing climate change and assessing carbon 
balance.. However, the relationship between Rs and throughout the 
growth cycle of poplar plantation has not been studied yet.

Previous research in forest ecosystems has shown that Rs is correlated 
with various factors, including soil temperature and moisture (ST and 
SM), soil physicochemical properties, and forest type (Zhao et al., 2016). 
In recent years, many studies have analysed microbial communities 
properties and carbon cycle which could improve the prediction of Rs 
(Liu et al., 2023; Nottingham et al., 2022; Zeng et al., 2022; Zhang and 
Zhang, 2016). Research has shown that Rs is correlated with soil microbial 
communities, particularly with Alphaproteobacteria, Acidobacteria, and 
Basidiomycota (Chen et al., 2021b). Additionally, in subtropical subalpine 
mountain ecosystems, it has been discovered that bacterial communities 
have a significant positive correlation with Rs. Rare bacterial phyla (e.g., 
Gemmatimonadetes and Cyanobacteria) are the primary driving factor, 
exerting a greater influence on Rs than abundant microbial communities 
(Han and Wang, 2023). According to the microbial trophic utilization 
patterns and carbon mineralization characteristics, microbial 
communities are usually divided into two ecological functions: 
r-strategists (copiotrophic) and K-strategists (oligotrophic) (Fierer et al., 
2007). R-selected species grow fast and often utilize labile carbon. In 
contrast, k-selected species grow slowly and often utilize recalcitrant 
carbon. Fungi tend to grow slower than bacteria and are often classified 
as k-strategists (Yang et al., 2022). Related studies have reported specific 
roles for both copiotrophs and oligotrophs bacteria in utilizing carbon for 
respiration, and that the role of copiotrophs bacteria is higher than that of 
oligotrophs bacteria (Liu et al., 2020; Liu et al., 2018a; Liu et al., 2020b; 
Siles and Margesin, 2016). In summary, these findings indicate a close 
relationship between microbial communities and Rs.

In this study, we applied a spatial - for - temporal substitution 
method, focusing for the first time on poplar plantations in the 
Songliao Plain, Northeast China, spanning 1 to 15 years. We analyzed 
the link between stand age and Rs during continuous growth. This 
approach aims to explore the impact of stand age on Rs, providing 
new theoretical perspectives and empirical evidence for related 
research. The influence of stand age on soil respiration (Rs) was 
investigated from July 2022 to June 2023. The key objectives were to 
delve into (1) the pattern of change in Rs with stand age; (2) the 
dynamics of soil microbial communities with stand age; and (3) the 
relationship between biotic and abiotic factors and Rs.

2 Materials and methods

2.1 Site description and experimental 
design

The study site is located in a forest farm in Xinmin City, Liaoning 
Province, China (41°42′–42°17′N, 122°27′–123°20′E) 
(Supplementary Figure S1). The area belongs to the sandstorm area in 
the northern part of the Liaohe Plain, with a low terrain, gradually 
higher from south to north, and an average elevation of 29 metres 
above sea level. The study site experienced a temperate continental 
monsoon climate, with mean annual temperatures and precipitation 
of 8.2°C and 417.7 mm, respectively. It had an average frost-free 
period of 160 days and an annual sunshine duration averaging 
2753.2 h. The soil type is brown soil.

In June 2022, based on principles such as site conditions and 
consistent species, we selected 15 stand ages ranging from 1 to 15 years 
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as the research objects. In each forest area, we randomly selected three 
20 m × 20 m plots with similar growth as independent replicates, with 
the plots being no more than 30 meters apart from each other, 
establishing a total of 45 plots. All sampled plots were designated as 
forest land, with all previously being managed as pure artificial forests 
of the same species of poplar trees and subjected to identical 
management practices. To minimize the differences in climate, 
topography, and other factors among the plots, ensuring that 
variations in soil respiration and soil properties are attributed solely 
to stand age, the distance between any two stands was kept to no more 
than 3 km.

In October 2022, after removing surface litter, we collected 10 soil 
cores from each plot at a depth of 0 - 20 cm using the “S” sampling 
method and combined them into a single composite sample per plot. 
First, stones and plant roots were removed from the samples, which 
were then passed through 2 mm and 0.149 mm mesh sieves. The soil 
samples designated for physicochemical property analysis were air-dried 
and stored. Meanwhile, the soil samples intended for microbial 
community analysis were stored at - 80°C. Plant leaf litter was dried to 
a constant weight and then ground into powder for later use.

2.2 Field measurement of Rs rates

In June 2022, six PVC soil rings were randomly installed within 
each stand-age sample for Rs measurements. The PVC ring has a 
diameter of 20 cm and a length of 15 cm, with about 5 cm exposed 
above the soil surface, and remains in place throughout the entire 
experimental process. Before each measurement, plants within the soil 
ring were removed, along with the litter, to avoid the influence of 
plants and litter on Rs. Measurements were taken using the Li-8100a 
automated soil CO2 flux system (LI-COR Inc., Lincoln, NE, 
United States) in the middle and end of each month from July 2022 to 
June 2023, respectively (no measurements were taken in December–
February due to snow cover that froze the soil), with each 
measurement taken between 8.00 a.m. and 11.30 a.m. While 
measuring Rs rates, ST and SM at a depth of 5 cm in the vicinity of the 
soil ring were also measured.

2.3 Analysis of soil and litter samples

The soil bulk density (SBD) was measured using the cutting 
ring method (Wang et al., 2018). Soil pH was measured by using 
the soil-water (1:2.5) mixed suspension through the potential 
method. Soil and litter organic carbon was determined by the 
K2CrO7 oxidation method (Lefroy et al., 1993). Total soil and litter 
nitrogen was determined by Kjeldahl method. SOC and TN data 
were used to calculate soil C/N. Litter C/N was calculated using 
litter organic carbon and total nitrogen data. Dissolved organic 
carbon (DOC) was extracted with deionized water (1:4) and then 
measured using a TOC analyzer (Shimadzu Corp, Kyoto, Japan). 
Easily oxidised organic carbon (EOC) was determined after 
KMnO4 oxidation (Zhao et al., 2018). The available phosphorus 
(AP) and available potassium (AK) were extracted from the soil 
samples using a 2% (NH4)2 CO3 solution at a soil-to-solution ratio 
of 1:5, and were subsequently determined using an ICAP 
instrument (Spectro Analytical Instruments, Spectro Arcos ICP, 
Kleve, Germany) (Wang et al., 2022). Nitrate nitrogen (NO3

−-N) 

and ammonium nitrogen (NH4
+-N) were extracted from the soil 

using 2 M KCl and the content was determined using a continuous 
flow injection analyser system (AA3 Continuous Flow 
Analytical System).

2.4 Soil DNA extraction and sequence 
analysis

Soil total DNA was extracted from 0.25–0.5 g of soil samples using 
the TIANNamp Guide S96 kit (Beijing, China). The extracted nucleic 
acids were assayed for concentration using an enzyme labeler 
(GeneCompang Limited, synergy HTX). After passing the assay, the 
nucleic acids were amplified, and the amplified PCR products were 
then detected by electrophoresis using agarose at a concentration of 
1.8%. The bacterial V3–V4 region was amplified using the 16S rRNA 
gene primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R 
(5′-GGACTACHVGGGTWTCTAAT-3′). The fungal ITS1 region was 
amplified using the fungal ITS primers ITS1F (5′-CTTGGTCATT 
TAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCAT 
CGATGC-3′). The products were purified, quantified, and normalized 
on the Illumina Novaseq  6000 platform, and detected using the 
NovaSeq 6000 S4 Reagent Kit (San Diego). The original image data 
files obtained from sequencing are converted into raw sequencing 
sequences through base recognition analysis. The sequencing results 
are filtered, and then primer sequences are identified and removed to 
obtain effective sequences.

The soil microbial communities (bacteria and fungi) were 
classified as r-strategists or K-strategists based on their nutrient 
utilization modes. Among them, copiotrophic bacteria, such as 
Actinobacteriota, Bacteroidota, Firmicutes, and Gemmatimonadota, 
were categorized as r-strategists. The oligotrophs bacterial members, 
including Acidobacteriota, Chloroflexi to K-strategists. The r-strategist 
fungi include Ascomycota, while the K-strategist fungi include 
Basidiomycota (Li et al., 2021; Fierer et al., 2007; Yang et al., 2022). 
We also selected several microbial taxa associated with the carbon 
cycle, including Proteobacteria, Acidobacteriota, Actinobacteriota, 
Bacteroidota, Ascomycota, and Basidiomycota. We analyzed their 
relative abundance to investigate the potential relationship with Rs 
(Chen et al., 2021b; Castro et al., 2019).

2.5 Statistical analysis

Regression analyses were used to evaluate the relationship 
between soil properties, microbial community structure, 
characteristics and stand age. Pearson correlation analysis was used to 
determine the relationship between Rs and biotic and abiotic factors. 
Using the “plspm” package (Sanchez et al., 2013), the effects of stand 
age, climate (ST, SM), soil and plant properties (pH, SOC, DOC/SOC, 
EOC/SOC, AK, NO3

−-N, and litter C/N), as well as soil bacterial and 
fungal community structure, on Rs were evaluated through a partial 
least squares path model (PLS-PM). One-way analysis of variance 
(ANOVA) was used to compare the dominant communities of soil 
bacteria and fungi in stands of different stand ages. Differences in 
Bray–Curtis distances between stand ages for bacterial and fungal 
communities were analysed using non-metric multidimensional 
scaling (NMDS); the significance of the differences was determined 
by using ranked analysis of variance (PERMANOVA). The relationship 
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between soil and plant properties and soil bacterial and fungal 
diversity and community structure was analysed using the Mantel test. 
In addition, functional information was annotated for OTU of 
bacteria and fungi using FAPROTAX and FUNGuild software (Louca 
et al., 2016; Nguyen et al., 2016). All data analysis and figures were 
conducted using SPSS18.0 (IBM, United  States), Origin2021 
(OriginLab, United States), and R software (v4.3.2).

3 Results

3.1 Changes in Rs with stand age Changes 
and relationships between Rs and soil 
factors under stand age effects

Rs rate significantly decreased with increasing stand age 
(p < 0.001) (Figure  1). SBD, SOC, DOC, and NO3

−-N showed 
significant changes with stand age (p < 0.05) (Supplementary Figure S2). 
Among these, SBD and DOC generally increased with stand age, while 
SOC and NO3

−-N decreased. All factors except for soil pH, DOC, 
NH4

+-N, and AP were significantly correlated with Rs rate (p < 0.05) 
(Supplementary Figure S3). Specifically, SOC, TN, NO3

−-N, and AK 
were significantly positively correlated with Rs, while SBD and EOC 
were significantly negatively correlated. Rs rate was significantly 
negatively correlated with both the DOC/SOC and EOC/SOC, and 
significantly positively correlated with litter C/N (p < 0.05), but showed 
no significant correlation with soil C/N (Supplementary Figure S4).

3.2 Soil bacterial community composition 
and its relationship with environmental 
factors

The bacterial community structure and diversity changed with 
increasing stand age. The dominant phyla across different stand ages 
were Proteobacteria (29.19–41.88%), Acidobacteriota (18.90–29.11%), 
and Actinobacteriota (6.49–12.50%), comprising 71.96–79.34% of the 
bacterial samples at each stand age. The relative abundance of these 

dominant phyla significantly changed with stand age. Notably, the 
relative abundance of Proteobacteria and Actinobacteriota showed a 
significant increasing trend with stand age (p < 0.05) (Figure 2A).

Functional annotation of bacterial OTUs using FAPROTAX was 
used to identify carbon and nitrogen transforming functional bacterial 
groups in poplar associated soils and to determine their relative 
abundance in each stand. Related to the carbon cycle are phototrophy, 
photoautotrophy and oxygenic photoautotrophy. Associated with the 
nitrogen cycle are nitrate reduction and nitrogen fixation. The results 
indicate that as the stands mature, there is a general decrease in the 
abundance of nitrate-reducing bacteria involved in nitrogen 
transformation, while nitrogen-fixing bacteria show an increasing 
trend (Supplementary Figure S5A). Concurrently, the abundance of 
photoautotrophic organisms involved in carbon transformation tends 
to decrease with stand age (Supplementary Figure S5A).

Microbial characteristics changed significantly with stand age 
(p < 0.05) (Supplementary Figure S6). Bacteria Shannon decreased 
significantly with stand age and bacterial NMDS1 increased 
significantly with stand age. Bacterial to fungal ratio Shannon, on 
the other hand, decreased significantly with stand age. The results 
of Mantel test showed that pH, litter C/N, AK, DOC/SOC and 
NO3

−-N were important factors affecting the structure of bacterial 
community (p < 0.05) (Figure 3A). MMDS analyses showed that 
bacterial community β-diversity varied considerably with stand age, 
and bacterial community composition was significantly segregated 
between different stand ages (p < 0.05; Supplementary Figure S7A). 
PERMANOVA analyses further determined significant differences 

FIGURE 1

Patterns of change in soil respiration with stand age.

FIGURE 2

Relative abundance of dominant bacterial (A) and fungal (B) groups 
at the phylum level. *Significant differences (p  <  0.05) were found 
between different stand ages.
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in bacterial (p = 0.001) community composition across the 15 
stand ages.

3.3 Soil fungal community composition 
and its relationship with environmental 
factors

The primary fungal phyla were Ascomycota (55.92–77.02%) and 
Basidiomycota (8.83–23.08%), collectively comprising 72.88–87.17% 
of fungal sequences in each sample, with Ascomycota predominating. 
The relative abundance of these fungal communities was significantly 
influenced by stand age. Ascomycota exhibited an overall significant 
decreasing trend, while Basidiomycota showed a significant overall 
increasing trend (p < 0.05) (Figure 2B).

The FUNGuild database was used to predict the functional 
attributes of fungal communities, firstly by classifying fungi into 
three main groups based on the mode of nutrition: saprotroph, 
symbiotroph and pathotroph. Based on the predicted results, the 
saprotroph types include dung saprotroph, litter saprotroph, 
plant saprotroph, soil saprotroph, undefined saprotroph and 
wood saprotroph. Symbiotroph trophic types include 
ectomycorrhizal and endophyte. Pathotroph types include plant 
pathogen, animal pathogen and fungal parasite. Stand age 
significantly influenced the abundance of fungal functional 
communities. It is noteworthy that dung saprotroph and litter 
saprotroph abundance decreased significantly with stand age 
(p < 0.05) (Supplementary Figure S5B).

Fungal microbiological properties changed significantly with 
stand age (p < 0.05) (Supplementary Figure S6). Fungi Shannon 
increased significantly with stand age and fungal NMDS1 increased 
significantly with stand age. The Mantel test revealed a significant 
correlation between litter C/N and fungal Chao1, and highlighted 
SBD as a key determinant influencing fungal community structure 
(p < 0.05) (Figure 3B). NMDS analyses showed that the β-diversity 
of fungal communities varied considerably with stand age, and the 
composition of fungal communities was significantly segregated 
between different stand ages (p < 0.05) (Supplementary Figure S7B). 
PERMANOVA analyses further determined significant differences 
in fungal community composition across the 15 stand ages 
(p = 0.032).

3.4 Characterisation of Rs dynamics and its 
relationship with biotic and abiotic factors

Overall, Rs rates of all stand ages showed similar seasonal 
variations over the observation period. Rs varied markedly by stand 
age, with Rs rate being greatest in 1a and showing an overall decreased 
trend with increased stand age. ST changes were consistent with the 
dynamics of Rs rate, while SM dynamics were inconsistent with the 
pattern of Rs rate and ST changes (Figure 4).

Pearson correlation analysis revealed that Rs was significantly 
correlated with stand age, SBD, ST, DOC/SOC, EOC/SOC, AK, TN, 
NO3

−-N, and litter C/N (p < 0.05) (Supplementary Figure S8). To 
further explore the relationship between microbial diversity and Rs, 

FIGURE 3

The Mantel test of the correlations analysed the relationship between soil and plant characteristics and soil bacterial (A) and fungal (B) diversity and 
community structure. B C/O, bacterial copiotroph/oligotroph ratio; B Shannon, bacteria Shannon; B Chao1, bacteria Chao1; F C/O, fungal copiotroph/
oligotroph ratio, F Shannon, fungi Shannon; F Chao1, fungi Chao1; SBD, soil bulk density; AK, available potassium; AP, available phosphorus SOC, soil 
organic carbon; DOC, dissolved organic carbon; EOC, easily oxidised organic carbon; TN, total nitrogen; NO3

−-N, nitrate nitrogen; NH4
+-N, ammonium 

nitrogen; litter C/N, plant litter C/N. In the figure, the heatmap colors and grid sizes are simultaneously used to map the magnitude of correlation 
values. Darker colors and larger grid sizes indicate larger absolute values of correlation, while lighter colors and smaller grid sizes indicate smaller 
absolute values of correlation. Colors closer to red indicate stronger positive correlation, while colors closer to blue indicate stronger negative 
correlation. The marks within the grids, *p < 0.05; **p < 0.01; ***p < 0.001, indicate statistically significant results. The thickness of the lines connecting 
the three nodes with various soil and plant factors serves as an indication of the magnitude of their correlation. Thicker lines signify stronger 
correlations, whereas thinner lines indicate weaker correlations. Blue lines represent significant correlations (p < 0.05), while yellow lines denote non-
significant correlations (p > 0.05).

https://doi.org/10.3389/fmicb.2024.1477571
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Liu et al. 10.3389/fmicb.2024.1477571

Frontiers in Microbiology 06 frontiersin.org

we found that the shift in microbial diversity had a significant impact 
on Rs as the poplar plantations matured (Supplementary Figure S9). 
For example, changes in the relative abundance of specific microbial 
groups, such as Actinobacteria and Ascomycota, might alter the 
decomposition rate of organic matter, thereby affecting Rs (Figure 5). 
In addition, the balance between bacterial and fungal communities 
also played a crucial role in regulating Rs. This is consistent with the 
correlation between the bacterial Shannon index and Rs, indicating 
that higher bacterial diversity contributes to more efficient carbon 
cycling at younger stand ages.

We further analyzed the possible links between stand age, soil 
properties, climate, soil microbial (bacterial and fungal) community 
structure, and Rs using PLS-PM, as well as the direct and indirect 
effects they produce (Figure 6). bove all, stand age and soil properties 
accounted for the greatest proportion of variation in Rs (Figure 6B). 
Stand age had a significant indirect effect on soil bacterial community 
structure (path coefficient: −0.46) (p < 0.01), suggesting that as poplar 
plantations mature, shifts in microbial diversity may contribute to 
reduced Rs rates (path coefficient: −0.45) (p < 0.05). Changes in soil 
bacterial community structure were also directly determined by soil 
properties (path coefficient: 0.39). Stand age indirectly and 
significantly influenced Rs through soil properties (path coefficient: 
−0.46) (p < 0.005) and climate (path coefficient: 0.62) (p < 0.01), while 
changes in Rs were also directly influenced by stand age (path 

coefficient: −0.20), soil properties (path coefficient: 0.63), and climate 
(path coefficient: −0.27), respectively. Overall these variables 
explained 85% of the variation in Rs.

4 Discussion

4.1 Relationship between stand age and Rs

There are no existing studies that investigate the impact of stand 
age on Rs throughout the entire growth cycle of poplar plantations. 
Our research demonstrated that stand age significantly affected Rs, 
showing a decreasing trend in the Rs rate as stand age increased 
(Figure  1). The decrease trend is also reported in the Populus 
balsamifera L. and Populus davidiana Dode plantations in Xinjiang 
and Hebei in China, with the Rs rate of young forests being the 
highest, and the Rs significantly decreasing with the increase of 
stand age (Gong et al., 2012; Yan et al., 2011; Zhao et al., 2016). In 
contrast, there is no significant change in Rs with the increase of 
stand age in the hybrid poplar plantations (Saurette et al., 2008). 
The findings suggest that the effect of stand age on Rs can vary 
depending on the type of tree species and planting techniques, 
potentially attributed to disparities in the quality of the soil carbon 
pool and the amount of root biomass (Xiao et al., 2014).

FIGURE 4

Seasonal changes in soil respiration, soil temperature and soil moisture in 15 poplar plantations of different stand ages.
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FIGURE 5

Relationship between soil respiration rate and relative abundance of major microbial taxa associated with carbon mineralisation. The solid black line 
indicates a significant linear relationship consistent with the regression model, and the shaded area indicates the fitted 95% confidence interval.
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In this study, stand age significantly influenced Rs by altering 
environmental conditions such as soil temperature and nutrients 
(Figure 6; Supplementary Figure S8). With the increase in stand 
age, the canopy structure gradually undergoes transformation. 
Mature forests typically possess denser canopies, reducing the 
amount of solar radiation reaching the ground surface and thereby 
modulating understory temperature and humidity (McCarthy and 
Brown, 2006). During warm seasons, the dense canopy mitigates 

direct sunlight on the soil surface, leading to lower ST. This 
reduced ST subsequently slows down microbial metabolic 
activities, resulting in decreased Rs rates. Conversely, in younger 
stands, the sparser canopy allows more sunlight to penetrate the 
soil surface, elevating ST and enhancing Rs. This study confirms 
this phenomenon, with significantly higher ST in 1a and 2a stands 
compared to older stands, and much higher Rs values in summer 
(June-August) than in spring (March-May) and autumn 

FIGURE 6

Partial least squares path modelling (PLS-PM) of soil respiration by stand age, climate, soil properties, soil bacterial and fungal communities (A), and the 
standardised total effects of soil respiration influences (B). Causal relationships are indicated by arrows and the numbers next to the arrows indicate the 
standardised path coefficients. Solid lines indicate significant relationships (*p  <  0.05, **p  <  0.01, and ***p  <  0.001) and dashed lines indicate non-
significant relationships. R2 denotes the variance of the variables considered in the model. GOF, goodness of fit. SOC, soil organic carbon; AK, available 
potassium; NO3

−-N, nitrate nitrogen; EOC, Easily oxidised organic carbon; Litter C/N, plant litter C/N; ST, soil temperature; SM, soil moisture; Shannon, 
diversity indices of bacterial and fungal communities; C/O, copiotroph/oligotroph ratio.
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(September-November) (Figure 4). This aligns with the positive 
correlation between ST and Rs observed in previous studies (Wang 
et al., 2023). Additionally, while SM can potentially influence Rs 
under extreme conditions (Raich and Potter, 1995) no significant 
correlation between Rs and SM was detected in this study 
(Supplementary Figure S8). This may be attributed to the fact that 
during the growing season in the study area, SM in the poplar 
plantations was relatively abundant, posing no constraints on 
microbial and root respiration (Nottingham et al., 2020).

As stand age increases, the patterns of tree absorption and 
utilization of soil nutrients also undergo changes, subsequently 
influencing Rs. Young stands grow rapidly with high nutrient 
demands, potentially leading to a decrease in available nutrients 
such as nitrogen and available potassium in the soil, both of which 
are crucial elements for microbial respiration. The deficiency of 
these nutrients can inhibit microbial activity, thereby reducing Rs. 
In contrast, in mature stands, tree growth slows down, reducing 
nutrient demands, and soil nutrient content may stabilize, 
supporting more stable microbial activities (Rodríguez-Soalleiro 
et  al., 2018). Concurrently, with the increase in stand age, the 
accumulation of plant residues and litter in the soil enhances the 
organic carbon content (Yang et al., 2014), providing a substrate 
source for microbial respiration. However, excessive organic 
carbon may also impact soil aeration, potentially inhibiting 
microbial activity.

Changes in Rs can also be explained by substrate carbon and 
nitrogen effectiveness and soil carbon fractions (SOC, MBC, DOC, 
EOC) (Tedeschi et  al., 2006; Wu et  al., 2020). Compared to soil 
recalcitrant carbon SOC, MBC, DOC and EOC are more readily 
available for direct use by soil microorganisms. In this study, soil 
carbon fractions (SOC, ECO, DOC/SOC, EOC/SOC), TN, NO3

−-N, 
and Litter C/N (p < 0.001) were significantly correlated with Rs 
(Supplementary Figures S2, S4), and may be attributed to the strong 
response of Rs to substrate carbon and nitrogen effectiveness (Wang 
et al., 2017; Yang et al., 2022). Therefore, as stand age increases, changes 
in soil carbon-to-nitrogen ratios and litter carbon-to-nitrogen ratios 
both affect microbial biomass and activity, subsequently influencing Rs 
(Tu et al., 2013). In forest systems, inputs of litter increase SOC while 
decreasing soil nitrogen content, resulting in an increase in the soil 
C/N. Therefore, changes in both soil carbon and nitrogen, as well as 
litter carbon and nitrogen, affect soil microbial biomass and microbial 
activity, leading to changes in heterotrophic respiration, which is a 
component of total Rs (Tu et  al., 2013). In this paper, the SOC 
decreased with stand age overall, it began to show a certain upward 
trend after 7a and 8a (Supplementary Figure S2). This may be attributed 
to the fact that poplars are designed to grow rapidly at younger ages, 
thereby absorbing large amounts of nutrient elements from the soil and 
accumulating biomass (Rodríguez-Soalleiro et al., 2018). After the 
stage of 7a and 8a, the plant growth rate slows down and nutrient 
uptake begins to decrease, allowing the retention and accumulation of 
apoplastic and root organic matter (Yang et al., 2014).

4.2 Changes of soil microbial communities 
with stand age

The results of our PERMANOVA analyses revealed that increased 
stand age significantly influenced the structure of soil bacterial and 

fungal communities (Supplementary Figure S7). Furthermore, our 
PLS-PM analyses attributed this effect to changes in soil properties 
brought about by increased stand age (Figure 6), which consequently 
altered the ecological strategies of microorganisms (Marques et al., 
2014). Some studies have reported that increased root biomass 
stimulates secretions into the soil as a key factor contributing to 
increased soil microbial community diversity (Fraser et al., 2017), and 
if this is the case, we hypothesise that soil microbial diversity increased 
with stand age. However, our results showed that soil bacterial 
community diversity decreased with stand age, but soil fungal 
community diversity showed an increased trend 
(Supplementary Figure S6). This was possibly due to a decreased root 
secretion with age and the fact that the fungal community was more 
resistant to the effects of age than the bacterial community. Another 
explanation is that bacterial communities have a smaller ecological 
niche in the soil than fungal communities, have a smaller symbiotic 
relationship with plants than fungi, and provide less significant 
feedbacks to plants and soil than fungal communities (Sun et  al., 
2017). Thus fungal community diversity has a more positive direct or 
indirect effect on stand age. At the same time, stand age also altered 
the relative abundance of major bacterial phyla (Proteobacteria, 
Acidobacteriota, and Actinobacteriota) and fungal phyla (Ascomycota 
and Basidiomycota) (Figure 2). This result is similar to findings from 
poplar plantations in other regions (Wu et al., 2021). Proteobacteria 
and Actinobacteria were classified as copiotrophic bacteria, while 
Ascomycota was classified as copiotrophic fungi. Both copiotrophic 
bacteria and fungi belong to fast-growing taxa (r-strategists) and 
prefer nutrient-rich environments. On the other hand, Basidiomycota 
are classified as oligotrophic and belong to slow-growing taxa 
(K-strategists), which are better suited to grow in environments with 
lower nutrient concentrations. Meanwhile, the relative abundance of 
r-fungi (Ascomycota) exhibits an overall downward trend with the 
increase of stand age, while the relative abundance of K-fungi 
(Basidiomycota) displays an overall upward trend. This shift indicates 
that K-strategy fungi become more dominant as stand age increases.

Stand age, climate, soil properties and plant species were all 
important predictors of soil microbial community structure (Chen 
et  al., 2021a; Marques et  al., 2014). The structure of microbial 
communities is influenced by soil pH, permeability, and 
physicochemical properties (Krause et al., 2017; Lupwayi et al., 2017). 
This coincides with our finding that the diversity and structure of soil 
microbial communities varied significantly with stand age in relation 
to soil pH, and physico-chemical properties such as SBD, AK, 
NO3

−-N, DOC/SOC, and litter C/N (Figure 3). Vitali et al. (2016) 
observed that soil microbial communities in poplar plantations are 
influenced by pH. Our results confirmed this finding and further 
supported the notion that soil microbial communities in poplar 
plantations of varying stand ages are also affected by pH. Additionally, 
Ascomycota and Basidiomycota may also influence the changes in soil 
pH and SBD (Zhao et al., 2018).

Prediction of ecological functions of soil bacterial and fungal 
communities using FAPROTAX and FUNGuild showed that soil 
microbial functional groups changed significantly with stand age 
(Supplementary Figure S5). Among the bacterial functional 
groups, the abundance of nitrate reduction and photoautotrophy 
generally decreases with increasing stand age, while the abundance 
of nitrogen fixation generally increases with increasing stand age 
(Supplementary Figure S5A). However, Yan et al. (2020) study of 
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secondary succession in Quercus liaotungensis forests found that 
the relative abundance of microbial functional groups associated 
with soil carbon and nitrogen cycling increased with succession, 
which should be attributed to the low levels of both SOC and TN 
in our study area. As the understory vegetation ecosystem recovers 
as the stand ages, the relative abundance of nitrogen fixation 
bacteria increases (Blaud et al., 2018). Only dung saprotroph and 
litter saprotroph among the saprotrophic types showed a 
significant decrease with stand age (Supplementary Figure S5B). 
Most saprophytic bacteria are in the Ascomycetes phylum and are 
important decomposers of soil as they are able to break down the 
complex structure of organic matter in the soil (Paungfoo-
Lonhienne et al., 2015). Therefore, with increasing stand age, the 
saprotrophic functional groups may be influenced by changes in 
the relative abundance of the Ascomycota phylum.

When discussing changes in soil microbial functional groups 
in poplar plantations with increasing stand age, we relied solely 
on two databases for prediction. This limitation may restrict the 
comprehensiveness of our conclusions, as it may not fully capture 
the diversity and dynamic changes of soil microbial functional 
groups. In order to better understand how stand age affects 
changes in soil microbial function, future studies should expand 
samples and use better sequencing methods.

4.3 Important factors affecting Rs

Based on the regression analysis model and Pearson’s 
correlation analysis, we  observed that changes in Rs depend 
strongly on the microbial properties at the community level 
(Figure 5; Supplementary Figure S8). In addition to soil properties, 
changes in temperature often affect the structure of soil microbial 
communities. For instance, fungal communities prefer cooler 
environments relative to bacterial communities. According to the 
Carbon-Quality-Temperature hypothesis, recalcitrant carbon 
decomposition with higher activation energy possesses higher 
temperature sensitivity compared to the decomposition of labile 
carbon (Fierer et al., 2005; Wang et al., 2018). And soil microbes 
are more active in carbon-rich conditions. Therefore, the reasons 
for the changes in Rs with stand age can be  explained by the 
decreasing trends in soil carbon and nitrogen content and 
temperature with stand age. This viewpoint is well-supported by 
ample evidence, revealing the close relationships and interactions 
among stand age, soil properties, ST and bacterial 
community structure.

Specific microbial communities and ecological clusters are 
important factors in microbial prediction of Rs (Wang et al., 2021). In 
conclusion, microorganisms associated with carbon mineralisation 
(Actinobacteriota and Ascomycota) and microbial r-/K strategy ratio 
(fungal copiotroph/oligotroph ratio) were the main biological factors 
that predicted a decline in soil respiration with age in poplar 
plantations. Copiotrophic and oligotrophic have different ecological 
functions in using carbon for respiration due to different substrate 
utilisation strategies. R-strategy communities prefer nutrient-rich and 
warm environments over K-strategy communities and use the 
majority of the acquired energy for their own growth and 
reproduction, thus reducing respiration efficiency while having more 

efficient carbon utilisation. In contrast, K-strategy tends to 
preferentially utilise recalcitrant carbon, which requires a large 
amount of energy consumption, and so devotes the majority of its 
energy and resources to respiration (Liu et al., 2020b; Malik et al., 
2020). The positive correlation of Ascomycota and Fungal C/O with 
Rs further confirmed that Rs decreased with the distribution of soil 
microbial r-strategies under increasing stand age.

We observed microbial r-/K strategy ratio (fungal copiotroph/
oligotroph ratio), microbial community diversity (e.g., Shannon and 
NMDS1 for bacteria and fungi), and microbial communities associated 
with carbon mineralisation (Actinobacteriota and Ascomycota) as 
important biotic factors affecting Rs. However, soil microbial 
communities are often influenced by a number of other abiotic factors 
such as soil physico-chemical properties. Thus, such abiotic factors are 
also important drivers of Rs. For example, our data indicates that SOC 
and NO3

−-N are abiotic factors that affect soil carbon flux, consistent 
with the findings reported for Rs in Pinus massoniana plantations (Yu 
et  al., 2019). In general, a high soil C/N ratio inhibits microbial 
decomposition (He et al., 2018). However, although no significant 
effect of soil microorganisms on Rs was observed in PLS-PM analysis, 
the importance of soil microorganisms was verified by both the 
regression analysis model and the correlation analysis. Thus, our 
findings emphasised the potential importance of soil microbial 
communities and ecological clusters in predicting Rs.

In general, the Rs rate in poplar plantations decreases with 
increasing stand age, as stand age influences environmental 
conditions such as soil temperature (ST), nutrients, and microbial 
communities. This suggests that with increasing stand age, the 
carbon sink capacity of poplar plantations may be enhanced, since 
lower Rs corresponds to reduced soil carbon loss. Thus, older poplar 
plantations may be more effective in carbon sequestration than 
younger ones, contributing to global carbon storage. In the context 
of global warming, Rs typically increases with rising temperatures, 
leading to higher CO₂ emissions. However, our study shows that as 
stand age increases, Rs decline, suggesting that older forests may act 
as crucial carbon sinks, mitigating climate change. A lower Rs rate 
may offset the adverse effects of climate change by delaying soil 
carbon release. Therefore, we propose extending the growth cycles 
of poplar plantations, particularly maintaining older stands, to aid 
in carbon sequestration and climate mitigation efforts. In forest 
management and land-use planning, focusing on preserving older 
forests could optimize carbon sequestration. Additionally, poplars 
are significant sources of volatile organic compound (VOC) 
emissions, which may result in carbon loss and are linked to stand 
age. Future research should focus on stand age’s effect on the 
ecological carbon dynamics of poplar plantations, which is crucial 
for assessing ecological services across different ages.

5 Conclusion

Rs decreased with increasing stand age in poplar plantations 
throughout the growth cycle. The microbial r-strategies were the 
key biotic factors that influenced Rs in different-age poplar 
plantations. Other abiotic factors such as ST, pH, SOC and NO3

−-N, 
and litter C/N were also important drivers of Rs. Soil properties 
such as pH and SBD also significantly affected soil microbial 
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community diversity and composition, and altered the ecological 
strategies of microbial communities, which in turn impacted altered 
Rs. Our study provides new insights into understanding the changes 
in Rs in poplar plantations in Northeast China influenced by stand 
age. Meanwhile, the study highlighted the potential link between 
the combination of different ecological taxa of soil microbes and Rs, 
which is of great significance for the prediction of soil carbon 
dynamics in poplar plantation ecosystems in the context of 
global warming.
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