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Abstract

Soil microbial biomass carbon (MBC) plays an essential role in driving and
regulating global cycling of carbon (C) which is critically important to climate system.
However, the pivotal transect-scale determinant factor for the content of soil MBC,
along with the variation pattern in different natural forests and soils has not been
sufficiently investigated. In this study, 252 soils (6 replicates and 3 depths for each site)
were sampled from 14 forests which lie in 7 soil types along the 4000 km North-South
transect of Eastern China. We found that the highest content of MBC in the whole soil
profile with 556.69 £14.59 mg C kg™ occurred in the subalpine coniferous forest, and
the lowest content was observed with 53.11 £10.22 mg C kg™ in warm coniferous forest.
From the angle of soil type, in the whole soil profile Haplic Andosol had the highest
content of soil MBC with 480 mg C kg!, while Haplic ferralsol possessed the lowest
content of MBC with 102 mg C kg™. In addition, over the North-South transect of Eastern
China the strongest correlation was observed in between the content of soil MBC and ALT (R?
= 0.64), followed by soil type (R?=-0.61), MAT (R? = -0.56). We concluded that the content
of soil MBC in natural forests is mainly controlled by ALT on a transect scale. We believed
that the soil C in Yue spruce-fir forest was relatively stable, which can be an option to be a
specific forest to optimize forest management and to contribute to mitigating climate change.
Keywords: microbial biomass carbon; altitude; nature forests; North-South transect of

Eastern China
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1. Introduction

Soil microbes play an essential role in driving and regulating the global cycling of
carbon (C) which is vital to climate change (Delgado-Baquerizo et al., 2016; Melillo et
al., 2002; Singh et al., 2010). The soil microbial biomass carbon (MBC) in forests, the
largest terrestrial ecosystem (Schimel et al., 2001), may strengthen or weaken carbon-
climate feedback (Cotrufo et al., 2019; Allison et al., 2010; Janssens et al., 2010), so, it
is critical to climate change induced by rising CO2 concentrations in the atmosphere
(Soucémarianadin et al., 2019; Liang et al., 2017; Singh et al., 2010).The soil MBC, although
accounting for a small proportion of soil organic carbon (SOC) (Ramirez et al., 2020; Bolan
etal.,2011), is proposed to be an effective indicator to detect significant changes in SOC
(Spohn et al., 2016; Knorr et al., 2005). In addition, the soil MBC can reflect the stability of the
SOC (Benbi et al., 2012; Benbi et al., 2014), soil quality and functions (Benbi et al., 2014;
Bongiorno et al., 2019), due to its sensitivities to environmental changes (Guimaraes et al.,
2013; Hok et al., 2021). Acquiring more knowledge about the large-scale key controlling factor
and spatial pattern of MBC is critically vital to understand not only the global C cycling
(Allison et al., 2010; Xu et al., 2013), but also the microbial biogeography (Martiny et
al., 2006).

The high spatial heterogeneity of soil properties, diversity of forest ecosystems, and
complexity of climate conditions lead to large variations in the content of soil MBC. An
extensive number of studies have investigated the effect of different variables on the content of
MBC (Treseder, 2008; Zeller and Dambrine, 2011; Khan et al., 2016). Nevertheless, there are

less studies on transect-scale controlling factors for the content of soil MBC and discrepancies
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between the current studies results (Cleveland and Liptzin, 2007; Joergensen et al., 2011;
Kirschbaum et al., 2006). For example, Cleveland and Liptzin (2007) reported that there was a
positive relation between the content of soil MBC and C/N ratios (Cleveland and Liptzin, 2007),
whereas Demisie et al. (2014) found a negative relationship between them (Demisie et al.,
2014). Furthermore, Some studies showed that soil pH had a positive or negative significant
effect on the content of soil MBC (Fierer and Jackson, 2006; Khan et al., 2016), or there was
no correlation between them (Bauhus et al., 1998; Xu et al., 2013). Moreover, regarding
environmental factors like temperature, moisture, vegetation or altitude, there were still
controversial results in research studies (Melillo et al., 2011; Bargali et al., 2018; Xu et al., 2013).
Serna-Chavez et al. (2013) reported that moisture availability rather than temperature was the
primary factor for the changes in the soil microbial biomass, but other studies suggested that
temperature and moisture had no impact on soil microbes in a short time (Manzoni et al., 2012;
Benbi et al., 2014). Most of the current studies sampling on a limited site (Milcu et al., 2011;
Benbi et al., 2014; Allison et al., 2010), little is known on the variation pattern of the content of
soil MBC in a near continental scale and universal framework for explaining the key transect-
scale controlling factor for the content of soil MBC, which could provide more comprehensive
and profound information about the global C dynamics, as well as would help us develop the
sustainable forest management including soil C sequestration to mitigate climate change.
Targeting the current knowledge gaps, we therefore chose the near 4000 km North-South
transect of Eastern China, recognized as the 15" standard transect of the International
Geosphere-Biosphere Programme (IGBP) (Zhang and Yang, 1995; Steffen et al., 1999), to

sample soils from 14 forests, seven soil types and three depths. The study aims to 1) investigated
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the spatial pattern of the content soil MBC along the variable gradients over the North-South
transect of Eastern China 2) and evaluate the critical transect-scale controlling factor for the
content of soil MBC content. We hypothesized there would be more content of soil MBC in
temperate forests and the essential factor for it would be the mean annual temperature (MAT)
or the altitude (ALT).

2. Materials and Methods

2.1 Study site and soil sampling

We chose the North-South Transect of Eastern China (109.5°E ~128°E, 18.73°N
~53°N) as our study site, which is the 15" transect of IGBP. The transect with the MAT
of -4~24°C, the MAP of 420~1750 mm, the distance of more than 4000 km from north
to south, covers soil types from Haplic Podzol in cold temperate areas to Haplic Acrisol
in subtropical regions, and then to Rhodic Ferralsol in tropical areas, and contains most
of the Northern Hemisphere forest types from coniferous forests of cold temperate to
rain forests of tropical, which are mainly controlled by the summer monsoon of East
Asia (Fig. 1, Table 1) (Zhang and Yang, 1995).

In September and October 2019 and June 2020, soil samples were collected from
Dinghu, Shennong, Dongling and Changbai long-term forest ecosystem stations that
are evenly distributed in the crucial climate zones of the North-South transect and almost all
located in the National Nature Reserve. The four ecosystem stations are Changbaishan Forest
(CF, 128.47°E, 42.4°N), Beijing Donlingshan Forest (BF, 115.43°E, 39.97°N), Shennongjia
Forest (SF, 110.05°~110.57°E, 31.32°~31.6°N) and Dinghushan Forest (DF, 112.5°~112.55°E,

23.15°~23.18°N), respectively. At each station, soil samples were collected from
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different forests with different elevations from foot slope to summit (Fig.1). In CF,
Korean pine broadleaf forest, Korean pine spruce-fir forest, Yue spruce-fir forest, Yue
birch forest were chosen. In BF, a warm temperate deciduous broadleaf forest was
selected. Evergreen broadleaf forest, evergreen deciduous broadleaf mixed forest,
deciduous broadleaf forest, subalpine coniferous-broadleaf mixed forest, subalpine
coniferous forest, were selected in SF, and mountain evergreen broadleaf forest,
conifer-broadleaf mixed forest, monsoon evergreen broadleaf forest, warm coniferous
forest, were selected in DF (Table 1). In each forest type, we selected six representative
plots, which were measured as 20 mx20 m with a distance of at least 15 m between each plot.
Three subplots were randomly settled in each plot and within each subplot the fresh, green
undecomposed litter material and small pebbles or stones were removed. To prepare a
representative sample of the whole plot, three soil layers (0-20 cm, 20-40 cm, 40-60 cm) were
sampled with a stainless-steel corer with a five-centimeter diameter, and thoroughly mixed
corresponding layers. Positional information including longitude, latitude, and elevation were
simultaneously obtained from a GPS device. Typically, soil samples were divided into two
major parts, one part being refrigerated at 4 °C and the other part being air dried, and
homogenized with a sieve (< 2 mm) to determine the physical and chemical parameters. The
soil samples were sealed in polyethylene bags prior to use.
2.2 Soil physical and chemical parameters

Soil organic carbon (SOC) was determined by dichromate oxidation and titration with
ferrous ammonium sulphate (Jones, 2001). Soil total carbon (STC) and total nitrogen (STN)

were measured with the Elemental Analyzer (PerkinElmer 2400 II, USA).



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

Microbial biomass carbon (MBC) content was determined by the chloroform fumigation-
extraction method (Vance et al., 1987). The content of MBC was calculated as follows:

MBC = % )

where Ec is the organic C extracted from fumigated soils minus organic C extracted from
non-fumigated soils and kEc is the extractable part of microbial biomass C after fumigation.
According to the literature and experimental data (Vance et al., 1987; Joergensen, 1996;
Joergensen et al., 2001), we measured KEc as 0.45.
2.3 Statistical analysis

Statistical analysis was performed with SPSS 26.0 and Arcgis 10.4. Graphics were
processed by Origin 2022b. One-way analysis of variance (ANOVA) with post hoc multiple
comparisons utilizing a least significant difference (LSD) test with p < 0.05 as the cut-off value
indicated significant differences of the MBC content in different variables. Correlation
measures how closely related the MBC content and influencing factors by calculating the
correlation coefficient using Pearson and Spearman correlation analysis. The specific slope
value was acquired by analyzing the digital elevation model (DEM) of the corresponding study
areas using 3D analyst tools with raster surface in Arcgis 10.4 and referencing to some records
of sampling.
3. Results
3.1 The content of soil MBC in different forests

The content of soil MBC differed significantly (p < 0.01) in the 14 forests along the North-

South transect of Eastern China (Fig. 2). In the upper 20 cm soil layer, the highest content of

MBC with 916+77 mg C kg™ was observed in Korean pine broadleaf forest (CI), while the
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lowest content with 94+8 mg C kg occurred in warm coniferous forest (DIV). Simultaneously,
there were higher content of MBC also in Yue birch forest (CIV, 812+35 mg C kg?) and
subalpine coniferous forest (SV, 782+28mg C kg). However, the highest and lowest content
of MBC occurred in subalpine coniferous (SV) and warm coniferous forests (DIV) at the depth
of 20-40 cm, with 501+ 23 mg C kg™ and 30 +1 mg C kg%, respectively. At the depth of 40-60
cm, subalpine coniferous (SV) and warm coniferous forests (DIV) possessed the highest and
lowest content of MBC, with 387+16 mg C kg™ and 35+8 mg C kg?, respectively. In general,
the Yue birch forest and the warm coniferous forest had the highest and lowest content of MBC
in the whole soil profile (Fig.2).

The content of soil MBC in the 14 forests decreased from surface soil to subsoil, namely
the content of MBC in the upper 20 cm soil layer was far higher than that at the depth of 20-40
cm and 40-60 cm. Nevertheless, there was no regular trend of MBC content from the depth of
20-40 cm to 40-60 cm. For example, in some kinds of forests, i.e. Korean pine broadleaf forest
(CI), deciduous forest (SIII), monsoon evergreen broadleaf forest (DIII), the content of MBC
increased with the depth of 20-40 cm to 40-60 cm (Fig.3). In general, the content of soil MBC
decreased with increasing soil depth, yet it appeared to show that there was no consistent regular
trend in subsoil along the North-South transect of Eastern China (Fig. 2).
3. 2 The variation of MBC content in soil types

In terms of soil type, in the upper 20 cm soil layer the highest content of MBC with a mean
of 849+64 mg C kg occurred in Haplic Luvisol, and the lowest content of MBC was observed
in Haplic ferralsol with a mean of 150431 mg C kg (Fig. 3). Also, Haplic Andosol represented

higher content of MBC with a mean of 812435 mg C kg in the upper 20 cm soil layer. At the
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depth of 20-40 cm, the highest and lowest content of MBC occurred in Haplic Andosol and
Haplic ferralsol, with 343 +65 mg C kgt and 71+26 mg C kg™. Haplic Luvisol had the second
higher content of MBC with 310+81 mg C kg™. At the depth of 40-60 cm, Haplic Andosol
and Haplic Podzol had the highest and lowest content of MBC with 285+72 mg C kg
and 65+19 mg C kg?, respectively. In general, Haplic Luvisol and Haplic Andosol had
relatively higher content of MBC, while Haplic ferralsol possessed lower content of MBC
(Fig.3).
3.4 The proportion of MBC in SOC

The proportion of MBC in SOC ranged from 0.5% to 4% (Fig.4) at any soil depth in the
14 forests along the North-South transect of Eastern China, most of which were less than 2%
(Fig. 4). In the upper 20 cm soil layer, we found that the higher ratio of MBC in SOC with
3.9%, 2.4%, 2% occurred in CI, SIV, SV, i.e. Korean pine broadleaf forest, subalpine
coniferous-broadleaf mixed forest, subalpine coniferous forest, however, the lower ratios were
observed with 0.8%, 0.7%, 0.5% in CIII, DIIl and DIV (Yue spruce-fir forest, monsoon
evergreen broadleaf forest and warm coniferous forest). Similarly, at the depth of 20-40 cm,
the higher proportions of MBC accounting for SOC with 3.0%, 3.1%, 2.6% were still found in
Cl, SIV, SV, and the lower proportions were still observed with 0.5%, 0.4%, 0.3% in CIII, DIII
and DIV. There was the same trend at the depth of 40-60 cm (Fig. 4). In aword, the Yue spruce-
fir and warm coniferous forest possessed the lowest ratio of MBC in SOC.
3.5 Correlation between the content of MBC and environmental factors

The content of MBC at any soil depth in the 14 forests strongly correlated with

soil type, MAT, ALT (p<0.01) (Table 2). At the depth of 0-20 cm, the content of MBC
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most strongly negatively correlated with soil type (R?>=-0.76), followed by MAT (R?=-
0.70), ALT(R?=-0.53) and forest type (R?=-0.53) (Table 2). However, with increasing
soil depths ALT became the strongest correlation factor with the content of MBC. At
depths of 20-40 cm and 40-60 cm, the most strongly positive correlation factor was
ALT with the correlation coefficients 0.64 and 0.47, respectively (Table 2). The
correlation degree between MAT or soil type and the content of MBC became weakly
with the soil depth increasing. Forest type and mean annual precipitation (MAP) were
no longer correlated with the content of MBC in subsoil. In the whole soil profile (0-60
cm), ALT, soil type and MAT were the critical transect-scale factors for the content of
MBC.
4. Discussion
4.1 Variation in MBC content along the transect

In this study, it was found that the higher content of MBC was observed in northern
temperate than in southern tropical forests (Fig.2). This is consistent with previous
studies reporting that the concentration of C in soil microbial biomass was relatively
higher in northern high latitudes and relatively less at low latitudes and the Southern
Hemisphere (Xu et al., 2013; Post et al., 1982). In terms of specific forest type, we
found that the content of MBC (0-20 cm) were generally higher, yet not statistically
significant, in broadleaf forests compared to coniferous forests (Fig.2). This finding
was consistent with previous studies which reported that there were fewer soil microbial
biomass under conifers forest than under broadleaf forests (Xu et al., 2013). However,

with increasing soil depth, coniferous and birch forests were found to have higher
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content of MBC (Fig.2). It may be explained by the reason that soil microbial biomass
content is normally limited by the amount of C in the soil (Soong et al., 2020; Allison
et al., 2010; Xu et al., 2013). Furthermore, in coniferous and birch forests along the
North-South transect of Eastern China there is more C accumulated in the subsoil (Gu
etal., 2022) because of the root exudates with higher content of organic acids and amino
acid (Li et al., 2004; Bradley and Fyles, 1995), which is the main energy source for
microbes (Helal and Sauerbeck, 2007) and this may result in more living
microorganisms, thereby ultimately leading to more C in microbial biomass in subsoil
of the two forest types.

Regarding the soil type, we found that the highest content of MBC occurred in
Haplic Luviosl (Fig. 3), which is supported by the previous study that suggested the
Luviosls having relative fine-textured contained more C when compared to the Podzols
coarse-textured (Bargali et al., 2018; Bauhus et al., 1998). This could be explained by
the fact that there is a slower turnover of soil microbial biomass or lower rate of
microbial decomposition on fine-textured soils that have a lower C/N ratio (Spohn et
al., 2016; Hassink, 1994) than on coarse-textured soils (Bargali et al., 2018; van Veen
et al., 1987). Furthermore, microbes in fine-textured soils may be better protected
against desiccation than in coarse-textured soils, resulting in more C being present in
soil microbes within Luvisol.

In our study, higher content of MBC was observed in the upper 20 cm soil layer
than in the subsoil (Fig. 2), which is consistent with previous studies reported that the

amount of MBC in the upper few centimeters of the surface soil can be 100 times larger
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than that below 100 cm (Spohn et al., 2016; Xu et al., 2013; Ekelund et al., 2001). This
may be ascribed to the reason that the humus layer from various plant residues lies in
the upper part of the whole soil profile, thereby directly contributes to providing energy
to soil microbes in topsoil, which leads to more soil microorganisms living there (Spohn
et al., 2016; Lai et al., 2016).The amount of plant root exudates which is another source
(Helal and Sauerbeck, 2007) for MBC is less than that of humus in surface soil, and the
lack of readily available organic C in subsoil (Fontaine et al., 2007), ultimately resulting
in the general phenomenon of MBC decreasing with increasing soil depth (Janssens et
al., 2002).
4.2 The proportion of MBC in SOC

The proportion of MBC in SOC ranged from 0.5% to 4% (Fig.4), which is
consistent with previous studies (Wang et al., 2018; Anderson and Domsch, 1989).
Currently, most of studies believe that the ratio of MBC in SOC is relatively stable in a
long time (Anderson and Domsch, 1989; Sparling,1992). The higher proportion of
MBC in SOC means that the C that should be into soil is priority utilized by
microorganism, which result in less C in soil and suggest that the C remaining in soil is
relatively stable due to its hardly to be available. In our study the highest proportion of
MBC accounting for SOC occurred in Korean pine broadleaf (CI), subalpine
coniferous-broadleaf mixed (SIV) and subalpine coniferous forest (SV) that had lowest
SOC content (Gu et al., 2022), which indicated that the soil C in these forests is unstable
(Sparling, 1992). In contrast, the forests, e.g. Yue spruce-fir forest (CIII), monsoon

evergreen broadleaf forest (DIII) and warm coniferous forest (DIV), with lower
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proportion of MBC accounting for SOC had relatively stable soil C.
4.3 Correlation between MBC content and influencing factors

We found that ALT, soil type and MAT most closely correlated with the content of
MBC (Table 2), which is consistent with previous studies (Liu et al., 2021; Chuckran
et al., 2023; Lange et al., 2015).

Different soil forming process between different soil type may affect the content
of MBC by influencing the dominant species (bacteria or fungi) (Chuckran et al., 2023;
Groffman et al.,1996; Bauhus et al., 1998). Through its own physiochemical properties,
structure and aeration, soil type has a direct impact on the size and activity of soil
microbial community (Chuckran et al., 2023; Bauhus et al., 1998).

We found that MAT was the most negative correlation factor for the content of
MBC in the upper 20 cm soil layer (Table 2), which is consistent with previous studies
(He and Xu, 2021; Bryant et al., 2008; Manzoni et al., 2012) that reported climate
factors had the largest impact on the soil microbial community. Some studies pointed
out that temperature may also modify the microbial community structure (Xu et al.,
2015; Ren et al., 2018) and then to affect the quantity of MBC. In addition, MAT can
affect the process of the decomposition of plant litter (Gu et al., 2022) which is one of
the energy sources for microbes, further influencing microbial growth and the content
of MBC (Paul, 2014; Xu et al., 2013). Furthermore, temperature is the primary factor
affecting the survival, metabolism and biology mechanism of soil microbes (Margesin
and Collins, 2019; Yin et al., 2022) and then influence its contribution to the overall

soil C pool (Bahram et al., 2012; Cregger et al., 2012; Rosling et al., 2011). Additionally,
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forest type affects species or communities of microbes through various decomposition
processes of different litter species or root exudates (Bargali et al., 2018; Hagen-Thorn
etal., 2004; Ahmed et al., 2016), ultimately leading to the large variability of the content
of MBC in different forest ecosystems (Melillo et al., 2011; Li et al., 2004).

However, in the upper 60 cm soil layer, the content of MBC strongly positively
correlated with ALT (R?= 0.64), which is different from previous studies that suggested
microbial biomass negatively related to altitude (Xu et al., 2015; Ren et al., 2018). The
discrepancy may be ascribed to the different study scales, namely our study provided
objective and profound conclusions in a near continental scale, 4000 km North-South
transect. In addition, the complex environmental conditions (Bahram et al., 2012)
composed of changing oxygen concentration, varied climate temperature, and
precipitation, which are induced by altitude gradients, resulting in different soil
microbial biodiversity or activity (Mayor et al., 2017; Ren et al., 2018), further to
affecting the C in microbial biomass. Forests at high altitudes have more fine roots than
those at low altitudes (Jackson et al., 1996), which supply more root exudates as energy
to microorganisms and thus favor the growth of microbials, ultimately leading to higher
C in microbial biomass at higher altitudes (van Diepen et al., 2007). Compared to
previous studies (Xu et al., 2015; Ren et al., 2018), we may believe that the content of
MBC may increase with increasing ALT within a range of altitude, but decrease beyond
the range. The cut-off value for the content of MBC in altitude and what model of the
MBC content changing with altitude need to be further explored.

In summary, soil type, MAT, ALT were the most critical factors for the content of



320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

MBC along the North-South transect of Eastern China. Knowledge of the trends in the
content of MBC at the near continental scale contributes to innovative selection of
specific forest types to optimize soil C sequestration for climate change mitigation.
5. Conclusions

Subalpine coniferous and warm coniferous forests had the highest and lowest
content of MBC, respectively. Haplic Luvisol and Haplic Andosol possessed the highest
content of MBC, but Haplic ferralsol had the lowest amount. ALT, soil type and MAT
were the most critical transect-scale factors for the content of MBC. Yue spruce-fir
forest had larger potential of soil C sequestration due to its relatively stable soil C.
Acknowledgements

The authors would like to thank the members of staff at the Forest Ecosystem Research
Stations of the Chinese Academy of Science. We would especially like to thank Zhoude Ma,
Xiao Ye, Xuan Mei, Yujin Zhu and Guanhua Dai, Wenting Xu, Guowei Chu for their support
with the forest soil sampling. We also would like to thank Rui He for assisting with the
laboratory analysis. We would also like to thank the Priority Academic Program Development
of Jiangsu Higher Education Institutions (Grant N0.164010595) who funded this research and
the China Scholarship Council.
References
Allison, S.D., Wallenstein, M.D., Bradford, M.A., 2010. Soil carbon response to

warming dependent on microbial physiology. Nature Geoscience 3, 336-340.

https://doi.org/10.1038/ngeo846

Ahmed, 1.U., Smith, A.R., Jones, D.L., Godbold D.L., 2016. Tree species identity


https://doi.org/10.1038/ngeo846

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

influences the vertical distribution of labile and recalcitrant carbon in a temperate
deciduous forest soil. Forest Ecology and Management 359, 352-360.

https://doi.org/10.1016/j.foreco.2015.07.018

Anderson, T.H., Domsch, K.H., 1989. Ratios of microbial biomass carbon to total
organic carbon in arable soils. Soil Biology and Biochemistry 21, 471-479.

https://doi.org/10.1016/0038-0717(89)90117-X

Bongiorno, G., Blinemann, E.K., Oguejiofor, C.U., Meier, J., Gort, G., Comans, R.,
Méder, P., Brussaard, L., de Goede, R., 2019. Sensitivity of labile carbon fractions
to tillage and organic matter management and their potential as comprehensive
soil quality indicators across pedoclimatic conditions in Europe. Ecological

Indicators 99, 38-50. https://doi.org/10.1016/j.ecolind.2018.12.008

Bargali, K., Manral, V., Padalia, K., Bargali, S.S., Upadhyay, V.P., 2018. Effect of
vegetation type and season on microbial biomass carbon in Central Himalayan
forest soils, India. Catena 171, 125-135.

https://doi.org/10.1016/j.catena.2018.07.001

Bolan, N.S., Adriano, D.C., Kunhikrishnan, A., James, T., McDowell, R., Senesi, N.,
2011. Dissolved organic matter: biogeochemistry, dynamics, and environmental
significance in  soils.  Advances in agronomy 110, 1-75.

https://doi.org/10.1016/B978-0-12-385531-2.00001-3

Bahram, M., Polme, S., Koljalg, U., Zarre, S., Tedersoo, L., 2012. Regional and local
patterns of ectomycorrhizal fungal diversity and community structure along an

altitudinal gradient in the Hyrcanian forests of northern Iran. New Phytologist 193,


https://doi.org/10.1016/j.foreco.2015.07.018
https://doi.org/10.1016/0038-0717(89)90117-X
https://doi.org/10.1016/j.ecolind.2018.12.008
https://doi.org/10.1016/j.catena.2018.07.001
https://doi.org/10.1016/B978-0-12-385531-2.00001-3

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

465-473. https://www.jstor.org/stable/newphytologist.193.2.465

Benbi, D.K., Toor, A.S., Kumar, S., 2012. Management of organic amendments in rice-
wheat cropping system determines the pool where carbon is sequestered. Plant and

Soil 360, 145-162. https://doi.org/10.1007/s11104-012-1226-3

Benbi, D.K., Boparai, A.K., Brar, K., 2014. Decomposition of particulate organic
matter is more sensitive to temperature than the mineral associated organic matter.
Soil Biology and Biochemistry 70, 183-192.

https://doi.org/10.1016/j.s0ilbi0.2013.12.032

Bauhus, J., Pare, D., Cotéc, L., 1998. Effects of tree species, stand age and soil type on
soil microbial biomass and its activity in a southern boreal forest. Soil Biology and

Biochemistry 30, 1077-1089. https://doi.org/10.1016/S0038-0717(97)00213-7

Bryant, J.A., Lamanna, C., Morlon, H., Kerkhoff, A.J., Enquist, B.J., Green, J.L., 2008.
Microbes on mountainsides: contrasting elevational patterns of bacterial and plant
diversity. Proceedings of the national academy of sciences USA 105, 11505—

11511. https://doi.org/10.1073/pnas.0801920105

Bradley, R.L., Fyles, J.W., 1995. Growth of paper birch (Betula papyrifera) seedlings
increases soil available C and microbial acquisition of soil nutrients. Soil Biology

and Biochemistry 27, 1565-1571. https://doi.org/10.1016/0038-0717(95)00089-

w
Cleveland, C.C., Liptzin, D., 2007. C:N:P stoichiometry in soil: is there a ‘Redfield

ratio> for the microbial biomass?. Biogeochemistry 85, 235-252.

https://doi.org/10.1007/s10533-007-9132-0



https://www.jstor.org/stable/newphytologist.193.2.465
https://doi.org/10.1007/s11104-012-1226-3
https://doi.org/10.1016/j.soilbio.2013.12.032
https://doi.org/10.1016/S0038-0717(97)00213-7
https://doi.org/10.1073/pnas.0801920105
https://doi.org/10.1016/0038-0717(95)00089-W
https://doi.org/10.1016/0038-0717(95)00089-W
https://doi.org/10.1007/s10533-007-9132-0

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

Cotrufo, M.F., Ranalli, M.G., Haddix, M.L., Six, J., Lugato, E., 2019. Soil carbon
storage informed by particulate and mineral-associated organic matter. Nature

Geoscience 12, 989-994. https://doi.org/10.1038/s41561-019-0484-6

Cregger, M.A., Schadt, C.W., McDowell, N.G., Pockman, W.T., Classen, A.T., 2012.
Response of the soil microbial community to changes in precipitation in a semiarid
ecosystem. Applied and environmental Microbiology 78, 8587-8594.

https://doi.org/10.1128/AEM.02050-12

Chuckran, P.F., Flagg, C., Propster, J., Rutherford, W.A., Sieradzki, E.T., Blazewicz,
S.J., Hungate, B., Pett-Ridge, J., Schwartz, E., Dijkstra, P., 2023. Edaphic controls
on genome size and GC content of bacteria in soil microbial communities. Soil
Biology and Biochemistry 178, 108935.

https://doi.org/10.1016/j.s0i1bi0.2022.108935

Demisie, W., Liu, Z., Zhang, M., 2014. Effect of biochar on carbon fractions and
enzyme activity of red soil. Catena 121, 214-221.

https://doi.org/10.1016/j.catena.2014.05.020

Delgado-Baquerizo, M., Maestre, F.T., Reich, P.B., Jeffries, T.C., Gaitan, J.J., Encinar,
D., Berdugo, M., Campbell, C.D., Singh, B.K., 2016. Microbial diversity drives
multifunctionality in terrestrial ecosystems. Nature Communications 7, 10541.

https://doi.org/10.1038/ncomms10541

Ekelund, F., Ragnn, R., Christensen, S., 2001. Distribution with depth of protozoa,
bacteria and fungi in soil profiles from three Danish forest sites. Soil Biology and

Biochemistry 33, 475-481. https://doi.org/10.1016/S0038-0717(00)00188-7



https://doi.org/10.1038/s41561-019-0484-6
https://doi.org/10.1128/AEM.02050-12
https://doi.org/10.1016/j.soilbio.2022.108935
https://doi.org/10.1016/j.catena.2014.05.020
https://doi.org/10.1038/ncomms10541
https://doi.org/10.1016/S0038-0717(00)00188-7

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

Fierer, N., Jackson, R.B., 2006. The diversity and biogeography of soil bacterial
communities. Proceedings of the National Academy of Sciences USA 103, 626—

631. https://doi.org/10.1073/pnas.0507535103

Fontaine, S., Barot, S., Barre, P., Bdioui, N., Mary, B., Rumpel, C., 2007. Stability of
organic carbon in deep soil layers controlled by fresh carbon supply. Nature 450,

277-280. https://doi.org/10.1038/nature06275

Guimarées, D.V., Gonzaga, M.1.S., da Silva, T.O., da Silva, T.L., da Silva Dias, N.,
Matias, M.I.S., 2013. Soil organic matter pools and carbon fractions in soil under
different land uses. Soil and Tillage Research 126, 177-182.

https://doi.org/10.1016/j.still.2012.07.010

Gu, J., Bol,R., Sun, Y., Zhang, H.C., 2022. Soil carbon quantity and form are controlled
predominantly by mean annual temperature along 4000 km North-South transect
of Eastern China. Catena 217, 106498.

https://doi.org/10.1016/j.catena.2022.106498

Groffman, P.M., Eagan, P., Sullivan, W.M., Lemunyon, J.L., 1996. Grass species and
soil type effects on microbial biomass and activity. Plant and Soil 183, 61-67.

https://doi.org/10.1007/BF02185565

Hok, L., de Moraes Sa, J.C., Boulakia, S., Reyes, M., de Oliveria Ferreira, A.,Tivet,
E.F., Saab, S., Auccaise, R., Inagaki, T.M., Schimiguel, R., Ferreira, L.A., Briedis,
C., Canalli, L.B.S., Kong, R., Leng, V., 2021. Dynamics of soil aggregate-
associated organic carbon based on diversity and high biomass-C input under

conservation agriculture in a savanna ecosystem in Cambodia. Catena 198, 105065.


https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1038/nature06275
https://doi.org/10.1016/j.still.2012.07.010
https://doi.org/10.1016/j.catena.2022.106498
https://doi.org/10.1007/BF02185565

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

https://doi.org/10.1016/j.catena.2020.105065

Helal, H.M., Sauerbeck, D., 2007. Effect of plant roots on carbon metabolism of soil
microbial biomass. Journal of Plant Nutrition and Soil Science 149, 181-188.

https://doi.org/10.1002/jpIn.19861490205

Hagen-Thorn, A., Callesen, 1., Armolaitis, K., Nihlgard, B., 2004. The impact of six
European tree species on the chemistry of mineral topsoil in forest plantations on
former agricultural land. Forests Ecology and Management 195, 373-384.

https://doi.org/10.1016/j.foreco.2004.02.036

Hassink, J., 1994. Effects of soil texture on the size of the microbial biomass and on the
amount of C mineralized per unit of microbial biomass in Dutch grassland soils.

Soil Biology and Biochemistry 26, 1573-1581. https://doi.org/10.1016/0038-

0717(94)90100-7

He, L., Xu, X., 2021. Mapping soil microbial residence time at the global scale. Global

Change Biology 27, 6484-6497. https://doi.org/10.1111/gcb.15864

Insam, H., Domsch, K.H., 1988. Relationship between soil organic carbon and
microbial biomass on chronosequences of reclamation sites. Microbial ecology 15,

177-188. https://doi.org/10.1007/BF02011711

Janssens, .A., Dieleman, W., Luyssaert, S., Subke, J-A., Reichstein, M., Ceulemans,
R., Ciais, P., Dolman, A.J., Grace, J., Matteucci, G., Papale, D., Piao, S.L., Schulze,
E-D., Tang, J., Law, B., 2010. Reduction of forest soil respiration in response to
nitrogen deposition. Nature Geoscience 3, 315-322.

https://doi.org/10.1038/ngeo844



https://doi.org/10.1016/j.catena.2020.105065
https://doi.org/10.1002/jpln.19861490205
https://doi.org/10.1016/j.foreco.2004.02.036
https://doi.org/10.1016/0038-0717(94)90100-7
https://doi.org/10.1016/0038-0717(94)90100-7
https://doi.org/10.1111/gcb.15864
https://doi.org/10.1007/BF02011711
https://doi.org/10.1038/ngeo844

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

Jones, J.B., 2001. Laboratory guide for conducting soil tests and plant analysis. CRC
press.

Joergensen, R.G., 1996. The fumigation-extraction method to estimate soil microbial
biomass: calibration of the KEC value. Soil Biology and Biochemistry 28(1), 25-

31. https://doi.org/10.1016/0038-0717(95)00102-6

Joergensen, R.G., Wu, J., Brookes, P.C., 2011. Measuring soil microbial biomass using
an automated procedure. Soil Biology and Biochemistry 43, 873-876.

https://doi.org/10.1016/.s0ilbi0.2010.09.024

Jackson, R.B., Canadell, J., Ehleringer, J.R., Mooney, H.A., Sala, O.E., Schulze, E.D.,
1996. A global analysis of root distributions for terrestrial biomes. Oecologia 108,

389-411. https://doi.org/10.1007/BF00333714

Janssens, I.A., Sampsons, D.A., Curiel-Yuste, J., Carrara, R., Ceulemans, R., 2002. The
carbon cost of fine root turnover in a Scots pine forest. Forest Ecology and

Management 168, 231-240. https://doi.org/10.1016/S0378-1127(01)00755-1

Kirschbaum, M.U.F., 2006. The temperature dependence of organic matter
decomposition still a topic of debate. Soil Biology and Biochemistry 38, 2510-

2518. https://doi.org/10.1016/j.s0ilbi0.2006.01.030

Khan, K.S, Mack, R., Castillo, X., Kaiser, M., Joergensen, R.G., 2016. Microbial
biomass, fungal and bacterial residues, and their relationships to the soil organic
matter CIN/PIS ratios. Geoderma 271, 115-123.

https://doi.org/10.1016/j.geoderma.2016.02.019

Knorr, W., Prentice, I.C., House, J.I., Holland, E.A., 2005. Long-term sensitivity of soil


https://doi.org/10.1016/0038-0717(95)00102-6
https://doi.org/10.1016/j.soilbio.2010.09.024
https://doi.org/10.1007/BF00333714
https://doi.org/10.1016/S0378-1127(01)00755-1
https://doi.org/10.1016/j.soilbio.2006.01.030
https://doi.org/10.1016/j.geoderma.2016.02.019

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

carbon turnover to warming. Nature 433, 298-301.

https://doi.org/10.1038/nature03226

Langley, J.A., McKinley, D.C., Wolf, A.A., Hungate, B.A., Drake, B.G., Megonigal,
J.P., 2009. Priming depletes soil carbon and releases nitrogen in a scrub-oak
ecosystem exposed to elevated CO». Soil Biology and Biochemistry 41, 54-60.

https://doi.org/10.1016/1.s011b10.2008.09.016

Liu, X.J.A., Pold, G., Domeignoz-Horta, L.A., Geyer, K.M., Caris, H., Nicolson, H.,
Kemner, K.M., Frey, S.D., Melillo, .M., De Angelis, K.M., 2021. Soil aggregate-
mediated microbial responses to long-term warming. Soil Biology and

Biochemistry 152, 108055. https://doi.org/10.1016/j.s0ilbi0.2020.108055

Lai, Z., Zhang, Y., Liu, J., Wu, B., Qin, S., Fa, K., 2016. Fine-root distribution,
production, decomposition, and effect on soil organic carbon of three revegetation
shrub species in northwest China. Forest Ecology and Management 359, 381-388.

https://doi.org/10.1016/j.foreco.2015.04.025

Liang, C., Schimel, J.P., Jastrow, J.D., 2017. The importance of anabolism in microbial
control over soil carbon storage. Nature Microbiology 2, 17105.

https://doi.org/10.1038/nmicrobiol.2017.105

Li, Q., Allen, H.L., Wollum, II. A.G., 2004. Microbial biomass and bacterial functional
diversity in forest soils: effects of organic matter removal, compaction, and
vegetation control. Soil Biology and Biochemistry 36, 571-579.

https://doi.ore/10.1016/j.s011b10.2003.12.001

Lange, M., Eisenhauer, N., Sierra, C.A., Bessler, H., Engels, C., Griffiths, R.I.,


https://doi.org/10.1038/nature03226
https://doi.org/10.1016/j.soilbio.2008.09.016
https://doi.org/10.1016/j.soilbio.2020.108055
https://doi.org/10.1016/j.foreco.2015.04.025
https://doi.org/10.1038/nmicrobiol.2017.105
https://doi.org/10.1016/j.soilbio.2003.12.001

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

Mellado-Vazquez, P.G., Malik, A.A., Roy, J., Scheu, S., 2015. Plant diversity
increases soil microbial activity and soil carbon storage. Nature Communications

6, 6707. https://doi.org/10.1038/ncomms7707

Melillo, J.M., Steudler, P.A., Aber, J.D., Newkirk, K., Lux, H., Bowles, F.P., Catricala,
C., Magill, A., Ahrens, T., Morrisseau, S., 2002. Soil warming and carbon-cycle
feedbacks to the climate system. Science 298, 2173-2176.

https://doi.org/10.1126/science.1074153

Martiny, J.B.H., Bohannan, B.J.M., Brown, J.H., Colwell, R.K., Fuhrman, J.A., Green,
J.L., Horner-Devine, M.C., Kane, M., Krumins, J.A., Kuske, C.R., Morin, P.J.,
Naeem, S., Ovreas, L., Reysenbach, A-L., Smith, V.H., Staley, J.T., 2006.
Microbial biogeography: putting microorganisms on the map. Nature Review

Microbiology 4, 102—112. https://doi.org.10.1126/science.1074153

Milcu, A., Heim, A,, Ellis, R.J., Scheu, S., Manning, P., 2011. Identification of general
patterns of nutrient and labile carbon control on soil carbon dynamics across a

successional gradient. Ecosystems 14, 710-719. https://doi.org/10.1007/s10021-

011-9440-z
Manzoni, S., Schimel, J.P., Porporato, A., 2012. Responses of soil microbial
communities to water stress: results from a meta-analysis. Ecology 93, 930-938.

https://doi.org/10.1890/11-0026.1

Mayor, J.R., Sanders, N.J., Classen, A.T., Bardgett, R.D., Clement, J.C., Fajardo, A.,
Lavorel, S., Sundqvist, M.K., Bahn, M., Chisholm, C., Cieraad, E., Gedalof, Z.,

Grigulis, K., Kudo, G., Oberski, D.L., Wardle, D.A., 2017. Elevation alters


https://doi.org/10.1038/ncomms7707
https://doi.org/10.1126/science.1074153
https://doi.org.10.1126/science.1074153
https://doi.org/10.1007/s10021-011-9440-z
https://doi.org/10.1007/s10021-011-9440-z
https://doi.org/10.1890/11-0026.1

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

ecosystem properties across temperate tree lines globally. Nature 542, 91-95.

https://doi.org/10.1038/nature21027

Margesin, R., Collins, T., 2019. Microbial ecology of the cryosphere (glacial and
permafrost habitats): current knowledge. Applied Microbiology and

Biotechnology 103, 2537—-2549. https://doi.org/10.1007/s00253-019-09631-3

Melillo, J.M., Butler, S., Johnson, J., Mohan, J., Steudler, P., Lux, H., Burrowsa, E.,
Bowlesf, F., Smitha, R., Scotta, L., Varioa, C., Hilla, T., Burtoni, A., Zhou, Y.M.,
Tang, J., 2011. Soil warming, carbon-nitrogen interactions, and forest carbon
budgets. Proceedings of the National Academy of Sciences 108, 9508-9512.

https://doi.org/10.1073/pnas.1018189108

Nottingham, A.T., Turner, B.L., Stott, A.W., Tanner, E.V., 2015. Nitrogen and
phosphorus constrain labile and stable carbon turnover in lowland tropical forest
soils. Soil Biology and Biochemistry 80, 26-33.

https://doi.org/10.1016/1.s011b10.2014.09.012

Post, W., Emanuel, W., Zinke, P., Stangenberger, A., 1982. Soil carbon pools and world

life zones. Nature 298, 156-159. https://doi.org/10.1038/298156a0

Paul, E.A., 2014. Soil microbiology, ecology, and biochemistry. Academic Press,
Burlington, MA.

Sparling G.P., 1992. Ratio of microbial biomass carbon to soil organic carbon as a
sensitive indicator of changes in soil organic matter. Soil Research, 30,195-207.

https://doi.org/10.1071/SR9920195

Qi, R., Li, J., Lin, Z,, Li, Y., Yang, X., Zhang, J., Zhao, B., 2016. Temperature effects

on soil organic carbon, soil labile organic carbon fractions, and soil enzyme


https://doi.org/10.1038/nature21027
https://doi.org/10.1007/s00253-019-09631-3
https://doi.org/10.1073/pnas.1018189108
https://doi.org/10.1016/j.soilbio.2014.09.012
https://doi.org/10.1038/298156a0
https://doi.org/10.1071/SR9920195

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

activities under long-term fertilization regimes. Applied Soil Ecology 102, 36-45.

https://doi.org/10.1016/j.aps0il.2016.02.004

Ramirez, P.B., Calderdn, F.J., Fonte, S.J., Santibafiez, F., Bonilla, C.A., 2020. Spectral
responses to labile organic carbon fractions as useful soil quality indicators across
a climatic gradient. Ecological Indicators 111, 106042.

https://doi.org/10.1016/j.ecolind.2019.106042

Ren, C., Zhang, W., Zhong, Z., Han, X., Yang, G., Feng, Y., Ren, G., 2018. Differential
responses of soil microbial biomass, diversity, and compositions to altitudinal
gradients depend on plant and soil characteristics. Science of the Total

Environment 610, 750-758. https://doi.org/10.1016/j.scitotenv.2017.08.110

Rosling, A., Cox, F., Cruz-Martinez, K., lhrmark, K., Grelet, G.A., Lindahl, B.D.,
Menkis, A., James, T.Y., 2011. Archaeorhizomycetes: unearthing an ancient class
of ubiquitous soil fungi. Science 333, 876-879.

https://doi.org/10.1126/science.1206958

Schimel, D.S., House, J.I., Hibbard, K.A., Bousquet, P., Ciais, P., Peylin, P., Braswell,
B.H., Apps, M.J., Baker, D., Bondeau, A., Canadell, J., Churkina, G., Cramer, W.,
Denning, A.S., Field, C.B., Friedlingstein, P., Goodale, C., Heimann, M.,
Houghton, R.A., Melillo, J.M., Moore, Ill. B., Murdiyarso, D., Noble, I., Pacala,
S.W., Prentice, I.C., Raupach, M.R., Rayner, P.J., Scholes, R.J., Steffen, W.L.,

Wirth, C., 2001. Recent patterns and mechanisms of carbon exchange by terrestrial

ecosystems. Nature, 414 (6860), 169-172. https://doi.org/10.1038/35102500

Serna-Chavez, H.M., Fierer, N., Van Bodegom, P.M., 2013. Global drivers and patterns


https://doi.org/10.1016/j.apsoil.2016.02.004
https://doi.org/10.1016/j.ecolind.2019.106042
https://doi.org/10.1016/j.scitotenv.2017.08.110
https://doi.org/10.1126/science.1206958
https://doi.org/10.1038/35102500

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

of microbial abundance in soil. Global ecology and biogeography 22, 1162-1172.

https://doi.org/10.1111/geb.12070

Singh, B.K., Bardgett, R.D., Smith, P., Reay, D.S., 2010. Microorganisms and climate
change: terrestrial feedbacks and mitigation options. Nature Reviews

Microbiology 8, 779-790. https://doi.org/10.1038/nrmicro2439

Soucémarianadin, L., Cécillon, L., Chenu, C., Baudin, F., Nicolase, M., Girardinc, C.,
Delahaiea, A., Barréa, P., 2019. Heterogeneity of the chemical composition and
thermal stability of particulate organic matter in French forest soils. Geoderma 342,

65-74. https://doi.org/10.1016/j.geoderma.2019.02.008

Steffen, W.L., Scholes, R.J., Valentin, C., Zhang, X., Menaut, J.C., Schulze, E.D., 1999.
The IGBP terrestrial transects. The terrestrial biosphere and global change:
Implications for natural and managed ecosystems 4, 66.

Spohn, M., Klaus, K., Wanek, W., Richter, A., 2016. Microbial carbon use efficiency
and biomass turnover times depending on soil depth—Implications for carbon
cycling. Soil Biology and Biochemistry 96, 74-81.

https://doi.org/10.1016/1.s011b10.2016.01.016

Soong, J.L., Fuchslueger, L., Maranon-Jimenez, S., Torn, M.S., Janssens, [.A., Penuelas
J., Richter A., 2020. Microbial carbon limitation: the need for integrating
microorganisms into our understanding of ecosystem carbon cycling. Global

Change Biology 26, 1953—-1961. https://doi.org/10.1111/gcb.14962

Treseder, K.K., 2008. Nitrogen additions and microbial biomass: a meta-analysis of

ecosystem studies. Ecology Letters 11, 1111-1120. https://doi.org/10.1111/1.1461-



https://doi.org/10.1111/geb.12070
https://doi.org/10.1038/nrmicro2439
https://doi.org/10.1016/j.geoderma.2019.02.008
https://doi.org/10.1016/j.soilbio.2016.01.016
https://doi.org/10.1111/gcb.14962
https://doi.org/10.1111/j.1461-0248.2008.01230.x

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

0248.2008.01230.x

Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. Microbial biomass measurements in
forest soils: the use of the chloroform fumigation incubation method for strongly
acid  soils. Soil  Biology and  Biochemistry 19, 697-702.

https://doi.org/10.1016/0038-0717(87)90051-4

Van Veen, J.A., Ladd, J.N., Martin, J.K., Amato, M., 1987. Turnover of carbon, nitrogen
and phosphorus through the microbial biomass in soils incubated with '4C-, >N-
and *?P-labelled bacterial cells. Soil Biology and Biochemistry 19, 559-565.

https://doi.org/10.1016/0038-0717(87)90099-X

Van Diepen, L.T.A., Lilleskov, E.A., Pregitzer K.S., Miller R.M., 2007. Decline of
arbuscular mycorrhizal fungi in northern hardwood forests exposed to chronic

nitrogen additions. New Phytologist 176, 175-183. https://doi.org/10.1111/1.1469-

8137.2007.02150.x

Wang, M., Dungait, J.A., Wei, X., Ge, T., Hou, R., Ouyang, Z., Zhang, F., Tian, J., 2022.
Long-term warming increased microbial carbon use efficiency and turnover rate
under conservation tillage system. Soil Biology and Biochemistry, 172, 108770.

https://doi.org/10.1016/1.s011b10.2022.108770

Wang, C., Liu, D., Bai, E., 2018. Decreasing soil microbial diversity is associated with
decreasing microbial biomass under nitrogen addition. Soil Biology and

Biochemistry 120, 126-133. https://doi.org/10.1016/].s0ilbi0.2018.02.003

Xu, G., Chen, J., Berninger, F., Pumpanen, J., Bai, J., Yu, L., Duan, B., 2015. Labile,

recalcitrant, microbial carbon and nitrogen and the microbial community


https://doi.org/10.1111/j.1461-0248.2008.01230.x
https://doi.org/10.1016/0038-0717(87)90051-4
https://doi.org/10.1016/0038-0717(87)90099-X
https://doi.org/10.1111/j.1469-8137.2007.02150.x
https://doi.org/10.1111/j.1469-8137.2007.02150.x
https://doi.org/10.1016/j.soilbio.2022.108770
https://doi.org/10.1016/j.soilbio.2018.02.003

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

composition at two Abies faxoniana forest elevations under elevated temperatures.
Soil Biology and Biochemistry 91, 1-13.

https://doi.org/10.1016/1.s011b10.2015.08.016

Xu, X., Thornton, P.E., Post, W.M., 2013. A global analysis of soil microbial biomass
carbon, nitrogen and phosphorus in terrestrial ecosystems. Global Ecology and

Biogeography 22, 737-749. https://doi.org/10.1111/geb.12029

Yin, S., Liang, G., Wang, C., Zhou, Z., 2022. Asynchronous seasonal patterns of soil
microorganisms and plants across biomes: A global synthesis. Soil Biology and

Biochemistry 175, 108859. https://doi.org/10.1016/j.50ilbi0.2022.108859

Zeller, B., Dambrine, E., 2011. Coarse particulate organic matter is the primary source
of mineral N in the topsoil of three beech forests. Soil Biology and Biochemistry

43, 542-550. https://doi.org/10.1016/j.s011b10.2010.11.019

Zhang, X.S., Yang, D.A., 1995. Application and study on global change transects in

China. Quaternary sciences.


https://doi.org/10.1016/j.soilbio.2015.08.016
https://doi.org/10.1111/geb.12029
https://doi.org/10.1016/j.soilbio.2022.108859
https://doi.org/10.1016/j.soilbio.2010.11.019

627

628

629

630

631

632

633

634

635

636

637

cle

1 | b'ﬁ?ﬂﬂrv\ a

=\
/73900 ) ) /7
I8 /J A/
b f/({ \?‘?*;_/
S~ \?Q\:\;[\ \ (¢ AT
(,\”:: J\,\:.\ AR \ ( ~2r i
) PR
$5 )
C.;K\“PT\/Q P4 s T T "
% L
pe W o A
e s A ASER
> ;\”/@)«g’»/;\/' A W T 2 1259
f /2 /7% \\((/\\§L< . P
~/ ) L2 SN S B 5
N e B8 | r i
;Fj/ FQ%; —Hr) | [T
p 2 \ //y/, &\_/ SEN “\li'wlf”“\/w\,\,.w_, ) {,’/\\
P 7 G2 05\ ?ﬂ\ o~ VI~ ~ - ]
/:®| N (\/\‘0 3/9?\ \qu./«\/\v\[/_\ v
Ka/"’\,\<‘/\/\“\ =} 5 T H/"\\ff/l\\ )
(/-:\_/x Wit \Q///k ; N B S m L \‘f’l/,\«, \
el T JA S 2 At \ ) \o &\

uerE R20°E 130°E 140°E

N

400

N

300

/ )

N\, TE A/

ik v liv / ; ! ..
A=) S ) el

‘ " =g l‘//\.\%/

‘/f\//@u_//\\//:?

~\ CS20

Fig. 1. Map of study area and distribution of soil sampling sites along the North-South
transect of Eastern China. Graphs a-d were different forest ecosystems of Changbai,
Bejing Doling, Shennong, Dinghu, respectively. The abbreviations are as follows: Cl,
Korean pine broadleaf forest; Cll, Korean pine-spruce fir forest; CIlI, Yue-spruce fir
forest; CIV, Yue birch forest; BI, warm temperate deciduous broadleaf forest; Sl,
evergreen broadleaf forest; SllI, evergreen deciduous broadleaf mixed forest; SlllI,
deciduous broadleaf forest; SIV, subalpine coniferous-broad mixed forest; SV,
subalpine coniferous forest; DI, mountain evergreen broadleaf forest; DII, conifer-
broad mixed forest; DIII, monsoon evergreen broadleaf forest; DIV, warm coniferous

forest.
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Fig. 2. The content of soil microbial biomass carbon at different soil depths in the 14 forests
along the North-South transect of Eastern China. The abbreviations are as follows: Cl, Korean
pine broadleaf forest; Cll, Korean pine-spruce fir forest; CllI, Yue-spruce fir forest; CIV, Yue
birch forest; BI, warm temperate deciduous broadleaf forest; Sl, evergreen broadleaf forest; SlI,
evergreen deciduous broadleaf mixed forest; SllI, deciduous broadleaf forest; SIV, subalpine
coniferous-broad mixed forest; SV, subalpine coniferous forest; DI, mountain evergreen
broadleaf forest; DII, conifer-broad mixed forest; DIII, monsoon evergreen broadleaf forest;

DIV, warm coniferous forest.
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Fig. 3. The content of soil microbial biomass carbon at different depths in different soil types

along the North-South transect of Eastern China.
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674  Fig. 4. The proportion of MBC accounting for SOC at different depths in the 14 forests along
675  the North-South transect of Eastern China.
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681 Table 1
682  Main characteristics of the soil sampling sites along the North-South transect
o MAP .
Sampling sites LAT (N) LON (E) MAT (°C) (mm) ALT(m)  Slope Forest type Soil type
mm
Cl 42.4018°  128.0953° 3.5 700 761 1° Korean pine broadleaf forest Haplic Luvisol
Changbai Cll  42.1414°  128.1284° 2 800 1261 2° Korean pine spruce-fir forest Haplic Podzol
(CF)
Cll 42.0667°  128.0659° 1.5 900 1691 19° Yue spruce-fir forest Haplic Podzol
CIV  42.0610° 128.0680° 0.5 1000 1911 20° Yue birch forest Haplic Andosol
Beijing .
Warm temperate deciduous o
Dongling BF 39.9580°  115.4256° 4 600 1279 19° Haplic luvisol
broadleaf forest
(BF)
SI 31.3689°  110.4988° 16.5 970 827 34° Evergreen broadleaf forest Haplic Alisol
Evergreen deciduous broadleaf o
SII 31.3086°  110.4777° 13 1200 1508 27° . Haplic Alisol
mixed forest
Shennong . A
SIT 31.5139°  110.3413° 10 1300 1916 24° Deciduous broadleaf forest Haplic luvisol
(SF) ) .
Subalpine coniferous-broadleaf o
SIV 31.6576°  110.3374° 6 1500 2395 32° . Haplic luvisol
mixed forest
SV 31.6454°  110.3337° 4 1600 2514 21°  Subalpine coniferous forest Haplic Luvisol
Mountain evergreen broadleaf ) )
DI 23.1759°  112.5235° 19.79 1980 587 28° Haplic Acrisol
forest
Dinghu DII 23.1687°  112.5483° 21.01 1930 96 15° Conifer-broadleaf mixed forest Haplic ferralsol
(DF) Monsoon evergreen broadleaf ]
DII  23.1723°  112.5356° 209 1956 328 20° Haplic ferralsol
forest
DIV 23.1657° 112.5570° 22.66 1910 70 23° Warm coniferous forest Haplic ferralsol
683  The abbreviations are as follows: LAT, latitude; LON, longitude; MAT, mean annual
684  temperature; MAP, mean annual precipitation. The climate data were collected from the
685 literature about the four long-term forest ecosystem stations. Soil types belong to
686  FAO/UNESCO.
687
688
689
690
691
692

693



694

695  Table2

696  The correlation between soil microbial biomass carbon and influencing factors

697
factors
correlation Forest Soil MAT MAP ALT  Slope
carbo Type Type
MBC (0-20 cm) - 53%* - 76%* - 70%* - 41%* S3F* L 209%*
MBC (20-40 cm) - 34%* - 34%* 64%* - 37K
MBC (40-60 cm) -.25% -22% ATF* 20%*
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