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Abstract

We synthesized 1323 combinations of phospholipid fatty acid-derived fungal biomass C (FBC), bacterial biomass C (BBC),
and fungi:bacteria (F:B) ratio in topsoil, spanning 11 major biomes. We found that the FBC, BBC, and F:B ratio display
clear biogeographic patterns along latitude and environmental gradients including mean annual temperature, mean annual
precipitation, net primary productivity, root C density, soil temperature, soil moisture, and edaphic properties. At the biome
level, the highest FBC and BBC densities are observed in tundra, at 3684 (95% confidence interval: 167878084) mg kg-1 and
428 (2377774) mg kg-1, respectively. The lowest FBC and BBC densities were found in deserts, at 16.92 (14.4719.89) mg kg-1
and 6.83 (6.177.65) mg kg-1, respectively. While the F:B ratio ranges from 1.8 (1.672.1) in savanna to 8.6 (6.7711.0) in tundra.
Combining an empirical model of F:B ratio with the global dataset of soil microbial biomass C, we then produced global maps
for FBC and BBC in 0-30 cm topsoil. Global stock of C was estimated to be 12.6 (6.6716.4) Pg C in FBC and 4.3 (0.5710.3)
Pg C in BBC in topsoil. This work creates a benchmark for explicit use of microbial data in modelling biosphere-atmosphere

feedbacks in a changing environment.

Introduction

Microorganisms play an essential role in soil carbon (C) and nutrient biogeochemistry and pose dramatic
impacts on various ecosystem processes, including organic matter mineralization, soil formation, and nu-
trient availability (Hogberg et al. 2001; Rillig & Mummey 2006; Turner et al. 2013; Crowther et al. 2019).
Eventually, the ultimate fate of soil C is primarily driven by soil microbes (Schimel & Schaeffer 2012).
Although the critical roles of soil microbes in global C and nutrient cycling have been widely recognized
(Falkowski et al. 2008; van der Heijden et al.2008), the research on biogeographic distribution of fungi and
bacteria is still in its infancy. Furthermore, microbial community structure is an important factor controlling
C and nutrient biogeochemistry as bacteria and fungi differ in enzyme production (e.g., lignocellulose and
cellulose), C use efficiency, and biomass stoichiometric ratios (Caldwell 2005; Six et al. 2006; Mouginot et



al. 2014), and respond differently to multiple global change factors (Rousk & Baath 2007a; Rousk et al.
2009). Therefore, biogeographic patterns of bacteria and fungi provide pivotal information for understanding
microbial contributions to global C and nutrient biogeochemistry.

Geographic distribution of microbes is driven by a suite of abiotic and biotic factors (Martiny et al. 2006;
Hanson et al. 2012). Previous studies have investigated the controlling factors on microbial diversity and
functions, including soil organic C (SOC), climate, and vegetation (de Vries et al. 2012). Soil moisture (SM),
soil organic matter quality, and soil pH are among the key effectors influencing soil microbial community
composition (Fierer & Jackson 2006; Eskelinen et al. 2009; Brockett et al. 2012; Dinget al. 2015). Although
these findings provide valuable information for local to regional environmental drivers and proxies of soil
microbial community structure, we still lack a holistic and quantitative understanding of soil microbial
biogeography and different microbial groups at the global scale. In particular, the lack of clear quantitative
understanding of bacterial and fungal biogeography and their controls hinder the explicit incorporation of
microbial mechanisms into climate models (DeLong et al. 2011; Wieder et al.2013; Xu et al. 2014).

Materials and Methods

Data Compilation

We used a combination of keywords, “fung*” or “bacteria*”, “ratio”, and “terrestrial” or “soil”, to search
peer-reviewed papers in Google Scholar. The papers were selected via following criteria: 1) at least one
of fungal biomass, bacterial biomass, or F:B ratio and the units were clearly reported; 2) the data were
extractable from tables (assessing the text) or figures (using Engauge Digitizer Version 10.7); 3) the study
sites were not affected by disturbances such as fire burning, mining, and heavy metal contamination; and
4) the reported data contain 0-30 cm topsoil. Geological information of the sampling sites was recorded and
used to locate the sites on the global map (Fig. 1 ). We also collected any available soil pH, mean annual
precipitation (MAP), mean annual temperature (MAT), SOC and total nitrogen (TN) concentration, and
soil texture, to validate the extracted data from global datasets.

Fungal and bacterial biomass were measured using a number of methods such as phospholipid fatty acid
(PLFA), direct microscopy (DM), colony forming units (CFU), substrate-induced respiration (SIR), and
glucosamine and muramic acid (GMA). Additionally, we included some experimental data (214) measured
using PLFA from global topsoil dataset, detailed information about this dataset can be found in Bahram et
al. (2018). To examine the potential biases in the measurement of fungal and bacterial biomass, we did a
comparison among those methods (Table 1, Table S1 ). To compare the fungal (FBC) and bacterial (BBC)
biomass C measured using different methods, we used conversion factors for PLFA (Frostegard & Baath 1996;
Klamer & Baath 2004), SIR (Beare et al. 1990), CFU (Aon et al. 2001), DM (Birkhoferet al. 2008), and
GMA (Jost et al. 2011) reported by previous studies. Across biomes, FBC, BBC, and F:B ratio generally
follow the similar pattern using different methods. However, we found large variations in measured FBC and
BBC among different methods. Specifically, compared with PLFA, SIR, and GMA, fungi were more dominant
over bacteria using CFU, while DM estimated higher dominance of bacteria relative to fungi, suggesting that
DM may underestimate FBC while CFU may overestimate FBC. In addition, we found overall higher FBC
and BBC measured using GMA, which was largely different from the measurements using other methods.
Therefore, using data generated from multiple methods in one analysis might be problematic. Finally we
used PLFA data for this analysis. This selection is due to two reasons: 1) the PLFA was the most widely
used approach (Materials and Methods ), eventually the PLFA-derived FBC and BBC measurements
account for 73% of the whole dataset; 2) the PLFA has been evaluated and proved to be the most appropriate
approach for estimating FBC and BBC simultaneously (Waring et al. 2013).

The final database included the fungal and bacterial biomass data measured using PLFA from publications
spanning from the late 1960s to 2018. Collectively, 1323 data points in unvegetated ground and 11 biomes
(i.e., boreal forest, temperate forest, tropical/subtropical forest, grassland, shrub, savanna, tundra, desert,



natural wetlands, cropland, and pasture) across the globe were included in the database (Fig. 1 ). Forest,
grassland, and cropland contribute approximately 39%, 22%, and 19% of the dataset, respectively, with all
the other biomes together contributed 20% of the dataset. A majority of the field sites are located in North
America, Europe, and Asia. There is relatively small amount of observations in South America, Africa,
Russian Asia, Australia, and Antarctica. All soil samples are for 0-30 cm soil profile. For data points without
coordinate information being reported, we searched the geographical coordinates based on the location of
study site, city, state, and country. Then, the geographical information was used for locating the sampling
points on the global map to extract climate, edaphic properties, plant productivity, and soil microclimate
long-term data from global datasets.

Climate, Plant, and Soil Data

MAT and MAP with the spatial resolution of 30s during 1970-2000 were obtained from the World-
Clim database version 2 (http://worldclim.org/version2). In addition, monthly mean SM and soil
temperature (ST) during 1979-2014 were obtained from the NCEP/DOE AMIP-II Reanalysis (htt-
ps://www.esrl.noaa.gov/psd/data/gridded /data.ncep.reanalysis2.gaussian.html). The global vegetation dis-
tribution data were from a spatial map of 11 major biomes: boreal forest, temperate forest, tropi-
cal/subtropical forest, mixed forest, grassland, shrub, tundra, desert, natural wetlands, cropland, and pasture,
which have been used in our previous publication (Xu et al. 2013). We used the data for spatial distribution
of soil properties, including soil pH, sand, silt, clay, and SOC from the Harmonized World Soil Database
(HWSD, https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1247), while soil bulk density and TN data are
from the IGBP-DIS dataset (IGBP, https://daac.ornl.gov/SOILS/guides/igbp-surfaces.html) because TN is
not in HWSD. Since TN in IGBP-DIS are for the 100-cm profile as a whole, we used the factor calculated
from the fraction of SOC in the top 0-30 cm with HWSD. Since SOC and soil TN exhibit large spatial
heterogeneities, the variation in fine-scale variation in edaphic properties were underrepresented in global
datasets. To better account for the edaphic effects on fungal and bacterial distribution, we examined the
relationships of FBC, BBC, and F:B ratio with SOC, TN, and C:N ratio with the data directly extracted
from literatures. Due to the poor correlation between bulk density extracted from HWSD and reported bulk
density in literatures, we used the same soil bulk density values for the entire top 100 cm soil profile from
IGBP, assuming no difference in bulk density between top 0-30 cm and 30-100 cm soil profiles. Root C
density (C,oot) data were extracted from global dataset of 0.5 degree based on observation data (Ruesch
& Gibbs 2008; Songet al. 2017). Annual net primary productivity (NPP) was obtained from MODIS grid-
ded dataset with the spatial resolution of 30s during 2000-2015 (http://files.ntsg.umt.edu/data/NTSG_Pro-
ducts/MOD17/GeoTIFF/MOD17A3/GeoTIFF _30arcsec/). We then compared the data directly extracted
in literatures and those extracted from global datasets, and consistencies were found for a majority of the
dataset (Fig. S1 ).

Model Selection and Validation

Considering the clear biogeographic patterns of FBC, BBC, and F:B ratio, we developed generalized linear
models with climate (MAP and MAT), soil microclimate (ST and SM), plant (NPP and C,e0t), and edaphic
properties (clay, sand, soil pH, bulk density, SOC, and TN) to tear apart the controlling factors on fungal
and bacterial distribution. Based on the generalized linear model of climate, plant, edaphic properties, and
soil microclimate for FBC, BBC, and F:B ratio, over 70% of variations in FBC, BBC, and F:B ratio can be
explained by the generalized linear model, and FBC and BBC were better explained than F:B ratio (Fig. 2

).

Considering the higher proportion of missing data in FBC (14.8%) and BBC (16.3%) relative to F:B ratio
(1.9%), we built an empirical model for F:B ratio with 75% of the dataset. With the generalized linear
model of F:B ratio, we did the principle component analysis to select the important factors in explaining
the variations in the F:B ratio. Based on the variations explained by each component and the cumulative
variations of components, we selected 31 most important factors with emphasis on climate in explaining



the variation in F:B ratio using stepwise regression, which explained 33.0% of the variation in F:B ratio
(Fig. S7; Table S2 ). The selected empirical model had the formula: logiy (F:B ratio)=0.6789-
0.03402*MAT-0.000058*MAP+0.003772*ST+1.542*SM-0.00099*NPP+0.01553*C 00 +0.1226*bulk
density+0.05991*soil pH-0.03631*clay-0.0045*sand+0.002878*SOC-0.01607*TN+0.000177*MAT*ST-
0.03955*MAT*SM-0.000015*MAP*ST-0.000335*MAP*SM+0.000005*MAT*NPP-
0.001615*MAT*C,o0t+0.000001 *MAP*NPP+0.000007*MAP*C,00t+0.02201*MAT*bulk
density-0.003794*MAT*soil pH+0.002188*MAT*clay-+0.000137*MAT*sand-
0.000061*MAT*SOC~+0.00513*MAT*TN-0.000029*MAP*soil pH+0.000001*MAP*clay+0.000003* MAP*sand-
0.000001*MAP*SOC-0.000043*MAP*TN.

After the model is developed, we used the 25% of the data that were not used in model development
to validate the model that returned a high consistency (Fig. S8a ). We then investigated the modeling
performance of F:B ratio by comparing the model simulation and observed data in each biome (Fig. S9 ).
We found the overall consistency between simulated and observed log-scaled F:B ratio, with relatively poor
fit in deserts. Given the much lower BBC and FBC in deserts, this inconsistency does not bring large bias
to our large-scale estimation. Additionally, we found a little overestimation of F:B ratio in croplands and
pastures, indicating large uncertainties in managed systems that was caused by human activities.

Mapping Global Bacterial and Fungal Biomass Carbon

We compared the microbial biomass C in Xu et al. (2013) and the sum of FBC and BBC in this study and
found a good agreement between the sum of FBC and BBC and microbial biomass C (Fig. S8b ; R?=0.91),
indicating that the sum of FBC and BBC constitutes a constant proportion of microbial biomass, providing a
feasible way to estimate FBC and BBC. Based on the microbial biomass C dataset in Xu et al. (2013) and the
global map of F:B ratio, we generated the global maps of FBC and BBC and estimated global storage of FBC
and BBC. The auxiliary data used included global vegetation distribution (Xu et al. 2013) and global land
area database supplied by surface data map generated by Community Land Model 4.0 (https://svn-ccsm-
models.cgd.ucar.edu/clm2/trunk_tags/clm4_5_1_r085 /models/Ind/clm/tools/clm4_5/mksurfdata_map/).

Uncertainty Analysis

To estimate the parameter-induced uncertainties in fungal and bacterial biomass distribution and storage,
we used improved Latin Hypercube Sampling (LHS) approach to estimate the variations in F:B ratio. LHS
approach is able to randomly produce an ensemble of parameter combinations with a high efficiency. This
approach has been widely used in the modeling community to estimate uncertainties in model output (Haefner
2005; Xu 2010; Xu et al. 2014). First, we assumed that all parameters follow normal distribution, then we
used LHS to randomly select an ensemble of 3000 parameter sets using the package of “improvedLHS” in
R program (Table S2 ). Then we calculated the 95% confidence interval of fungal and bacterial biomass C
density and storage for reporting (Table 2 ).

Statistical Analysis

Since FBC, BBC, and F:B ratio in our dataset did not follow normal distribution, we used log-transformation
to convert them to normal distributions for subsequent statistical analysis. The mean and 95% confidence
boundaries of FBC, BBC, and F:B ratio were transformed back to the original values for reporting. To
understand the variations of FBC, BBC, and F:B ratio, we conducted generalized linear model to investigate
relationships between FBC, BBC, and F:B ratio and long-term climate (MAP and MAT), soil microclimate
(ST and SM), plant (NPP and C,.ot), and edaphic properties (clay, sand, soil pH, bulk density, SOC, and
TN). Then we used Akaike information criterion (AIC) as selection criteria, i.e., the smaller the AICs, the
better the regression. Before conducting the generalized linear model, we tested the multicollinearity for
the variables within and among each variable group, i.e., climate, soil microclimate, edaphic properties, and
plant, and we did not find significant multilinearity (VIF < 5). All statistical analyses were carried out and



relevant figures were plotted with R3.5.3 in Mac OS X. The Fig. 1 and Fig. 3 were produced with NCAR
Command Language (version 6.3.0) and ArcGIS (version 10.5), respectively.

Results

Biome-level FBC, BBC, and F:B Ratio

There are large variations in biome-level FBC, BBC, and F:B ratio (Table 1; P < 0.001 for FBC, BBC,
and F:B ratio among biomes). Deserts exhibited the lowest FBC of 16.9 (95% range: 14.4719.9) mg kg™! and
BBC of 6.8 (6.177.7) mg kg™!, while tundra habitats displayed the highest FBC of 3683.6 (1678.578083.9)
mg kgt and BBC of 428.4 (237.07774.3) mg kg™!. Boreal forests had significantly higher FBC than tro-
pical/subtropical forests and temperate forests (1234.0 mg kg™! for boreal forests vs. 258.4 mg kg! for
temperate forests and 451.4 mg kg™! for tropical/subtropical forests). Boreal forest and tropical /subtropical
forests have significantly higher BBC than temperate forests (226.4 mg kg™! for boreal forest, 210.9 mg kg™
for tropical/subtropical forest vs. 53.0 mg kg™! for temperate forest), with no significant differences in BBC
were found between boreal forests and tropical/subtropical forests (Table 1 ). Pastures had significantly
higher FBC and BBC than grasslands (632.2 mg kg™! soil vs. 215.2 mg kg! soil for FBC and 270.7 mg kgt
soil vs. 62.7 mg kg! soil for BBC); While we did not find differences in FBC across unvegetated ground, cro-
pland, shrub, savanna, and natural wetlands; BBC was significantly higher in wetlands than in unvegetated
ground (Table 1 ).

The F:B ratio varied less across biomes, with the lowest values in savannas and greatest values in tundra
habitats (1.8 for savanna vs. 8.6 for tundra). We also found significantly higher F:B ratio in boreal forests and
temperate forests than that in tropical/subtropical forests (5.0 for boreal forest, 4.9 for temperate forest vs.
2.2 for tropical /subtropical forest). No significant differences in F:B ratio were found across natural wetlands,
unvegetated grounds, deserts, and shrubs (Table 1 ).

Biogeography of FBC, BBC, and F:B ratio

Both FBC and BBC exhibited inverse unimodal relationships with latitude, with lowest values at mid-
latitudes (Fig. S2a-b ; P< 0.0001 for both FBC and BBC along latitude), whereas the F:B ratio was
positively correlated with latitude (Fig. S2c ;P < 0.0001). Of climatic predictors, MAT showed an inverse
unimodal relationship with FBC, with the lowest at 14-15°C (Fig. S3a ; P < 0.0001). Conversely, BBC
showed no significant correlation with MAT (Fig. S3b ; P = 0.19). The F:B ratio showed a significantly
negative linear relationship with MAT (Fig. S3c ; P < 0.0001).

Both FBC and BBC showed unimodal relationships with MAP, with peak FBC and BBC at approximately
2100-mm y! and 3000-mm y!, respectively. While F:B ratio linearly decreased with MAP (Fig. S3d-f ;
P gpc < 0.0001, P gpc < 0.0001,P g.B ratio < 0.0001). FBC increased in a non-linear manner with SM,
while BBC linearly increased with SM (Fig. S4a-b ; P ppc < 0.0001,P gpc < 0.0001). Both FBC and
BBC linearly increased with ST (Fig. S4d-e;P gppc < 0.0001,P ppc < 0.0001). F:B ratio increased with
SM (Fig. S4c ; P < 0.0001) but decreased with ST (Fig. 4f ; P < 0.0001).

Vegetation controls on microbial biomass C differed in fungi and bacteria. While BBC significantly increased
with Cioot(Fig. S5a-b ; P ppc = 0.2,P gpc = 0.00035), no significant correlation between FBC and Ci oot
occurred. The F:B ratio exhibited a unimodal correlation with C,qo¢, with the peak F:B ratio associated with
the Croot of 6.9 kg m™? (Fig. S5c ; P < 0.0001). Both FBC and BBC linearly increased with NPP, while
F:B ratio linearly decreased with NPP (Fig. S5d-f ; P ypc = 0.011, P gpc < 0.0001,P p.B ratio< 0.0001).

Microbial biomass was well correlated with edaphic factors. Both FBC and BBC exhibited inverse unimodal
relationships with SOC, with minimum FBC and BBC at SOC of 142.1 and 222.7 g kg™!, respectively (Fig.
S6a and b ; P yppc < 0.0001, P ggc = 0.0017), while F:B ratio linearly increased with SOC (Fig. S6c ; P



< 0.0001). Both FBC and BBC linearly increased with TN, while F:B ratio exhibited unimodal relationship
with TN, with the maximum F:B ratio at TN of 25.4 g kg'! (Fig. S6d-f ;P rpc < 0.0001,P gpc = 0.011,
P %.B ratio< 0.0001). Both FBC and BBC showed unimodal relationships with SOC:TN (C:N) ratio, with
the maximum FBC and BBC at C:N ratio of 20.1 and 17.7, respectively (Fig. S6g-h ; P ppc< 0.0001, P
Bac < 0.0001), while F:B ratio showed inverse unimodal relationship with C:N ratio, with minimum F:B
ratio at C:N ratio of 7.1 (Fig. S6i ;P p.B ratic < 0.0001). In addition, both FBC and BBC showed inverse
unimodal relationships with soil bulk density, with minimum FBC and BBC at bulk density of 1.5 and 1.4 g
cm™3, respectively, while F:B ratio linearly decreased with bulk density (Fig. S6j-1; P ppc< 0.0001, P pc
= 0.00035,P p.B ratio < 0.0001). Furthermore, we found that FBC, BBC, and F:B ratio all showed inverse
unimodal relationships with soil pH, with minimum FBC, BBC, and F:B ratio at soil pH of 7.5, 7.4 and 6.3,
respectively (Fig. S6m-o ;P ppc < 0.0001,P gpc < 0.0001,P .5 ratio < 0.0001). We also found the highest
FBC and BBC in clayey s, but the highest F:B ratio in sandy soil (Fig. 6p-r; P gpc < 0.0001,P ppc <
0.0001,P F.B ratio < 0.0001).

Quantitative Assessment of Controls on Microbial Biogeography

We constructed generalized linear models to disentangle the effects of climate (MAP and MAT), plant (NPP
and C,got), soil microclimate (SM and ST), and edaphic properties (SOC, TN, soil pH, clay, sand, and bulk
density), on the variation in FBC, BBC, and F:B ratio. The variance inflation factor (VIF) test revealed no
multicollinearity among variables. Environmental factors in total explained a large proportion of variation in
microbial biomass (81.9% for FBC, 84.8% for BBC, and 71.2% for F:B ratio) (Fig. 2 ). Notably, the edaphic
properties were the most important drivers in FBC and BBC, with 66.4% and 70.4% of the variations in FBC
and BBC being explained by edaphic properties and the interaction with other factors, respectively (Fig.
2a-b ). Complex interactions between the groups of variables explained 23.7% of the variation in FBC (Fig
2a ). In contrast, variation in BBC was explained primarily by the interactions between edaphic properties
and climate (13.9%), multiple interactions (11.91%), and edaphic properties alone (10.22%). Climate was
the most important predictor of F:B ratio. Climate alone explained 11.6%, and climate interactions with
other variables explained 35.5% of the variation in the F:B ratio (Fig. 2c ).

Global Carbon Storage in Fungal and Bacterial Biomass

Based on our findings of environmental controls on FBC and BBC at the biome and global scales, we further
developed an empirical model for F:B ratio considering the higher proportion of missing data in FBC (14.8%)
and BBC (16.3%) relative to F:B ratio (1.9%) (Materials and Methods; Table S2 ). Combined with a
global microbial biomass C dataset reported by Xu et al. (2013), we further produced global maps of BBC
and FBC in topsoil (Fig. 3 ). The global FBC and BBC are estimated to be 12.56 (6.64716.42) Pg C, and
4.34 (0.47710.26) Pg C in BBC for 0-30 cm topsoil. Taking the global estimates of SOC (6847724 Pg C in
0-30 cm), approximately 1.8% and 0.6% of SOC is stored in soil fungi and bacteria, respectively. The highest
FBC density occurs in northern high-latitude regions while lowest values are characteristic of low-latitude
regions (Fig. 3b ). On the contrary, the highest BBC was found in high-latitude and equatorial regions, and
the lowest in mid-latitude regions (Fig. 3c) .

At biome-level, boreal forests stored large FBC (3.60 Pg C) and tropical /subtropical forests had the largest
BBC storage (0.85 Pg C), while shrub contributed least to both FBC and BBC (0.39 Pg C for FBC and 0.14
Pg C for BBC) (Table 2 ). Although boreal forests do not occupy the Earth’s largest surface area (11.82
million km?), the high FBC density contributes to its prominent FBC storage. The large microbial C storage
in pasture was primarily due to its large area (27.0 million km?). Tropical /subtropical forests have relatively
high BBC density, along with the second largest area (16.44 million km?), tropical /subtropical forests thus
stored the largest BBC across the globe. The smallest FBC and BBC storage in shrub was primarily due to
its small area (8.11 million km?) and the low FBC and BBC densities (48.06 g C m™2 for FBC and 17.31 g C
m2 for BBC). The small FBC and BBC storage in desert primarily resulted from their low FBC and BBC
densities (Fig S5 ), while the small FBC and BBC storage in tundra and natural wetland may be due to



the small area (5.75 million km? for tundra and 6.91 million km? for natural wetlands). Eventually tundra
has high densities of FBC and BBC (226.96 g C m™ for FBC and 32.65 ¢ C m2 for BBC).

Discussion

Biogeographic Patterns of Microbial Properties

We found significant biogeographic patterns of fungi, bacteria and their balance in topsoil along latitude,
climate (MAP and MAT), plant (NPP and C,40t ), soil microclimate (SM and ST), and edaphic factors (SOC,
TN, C:N ratio, soil pH, soil texture, and bulk density) (Fig. S2-6 ). Some of those have been reported in
previous studies (Fierer et al. 2009; Waring et al. 2013; Chenet al. 2016; Bahram et al. 2018). For example,
Bahramet al. (2018) also reported the inverse unimodal trend of BBC and positive linear trend of F:B ratio
along latitude and significant positive linear trend of F:B ratio along MAP and MAT, Fierer et al. (2009)
reported significant controls of plant NPP and microbial biomass, Waring et al. (2013) showed that F:B ratio
decreased with low level C:N ratio, and increased at high C:N ratio, and de Vrieset al. (2012) found that
finely textured soils tend to have higher fungal and bacterial biomass.

In addition, we did find different results compared with previous studies. Specifically, in contrast to the
inverse unimodal trend of FBC along latitude, Bahram et al. (2018) found the significant positive linear
relationships between FBC and latitude. Also, we observed the inverse unimodal relationship between F:B
ratio and soil pH, with lowest F:B ratio at soil pH of 6.3, while Chen et al.(2015) reported a significant positive
relationship between F:B ratio and soil pH in Mongolian Plateau and Eskelinen et al. (2009) found a negative
relationship between F:B ratio and soil pH in the alpine tundra of northern Europe. These discrepancies may
result from two reasons. First, the difference in sample size may lead to the variations in the relationships
obtained among studies. Dataset in Bahram et al. (2018) was built based on the globally selective sampling
plots (145 topsoil samples), while the dataset of this study is a comprehensive meta-analysis dataset with
1323 data points (Fig. 1 ). Second, the difference in spatial scales of research is responsible for the plausible
distinction. Chen et al. (2015) covered soil pH>6.5, while Eskelinen et al. (2009) contained sampling sites
of soil pH ranging from 4.7 to 7.0. Merging the negative and positive relationships between F:B ratio and
soil pH found by Chen et al. (2015) and Eskelinen et al. (2009) reach the similar results as reported in this
study.

FBC and BBC were largely distinct among biomes, but we observed generally similar patterns for FBC and
BBC among biomes (Table 1 ). Consistent with our results, Xu et al. (2013) also found the highest soil
microbial biomass in tundra among biomes, and soil microbial biomass was significantly higher in boreal
forests than that in temperate forests and tropical/subtropical forests. Both Fiereret al. (2009) and Xu et
al. (2013) reported lowest soil microbial biomass in deserts, the low SOC concentration may result in low
FBC and BBC in deserts (Fig. S6 ). However, this study generated slightly different results from previous
studies. Among forest biomes, Fierer et al. (2009) reported the higher soil microbial biomass in temperate
and tropical forests than that in boreal forests, which exhibited opposite patterns with this study. In addition,
soil microbial biomass in temperate forests was significantly higher than that in tropical/subtropical forests
reported by Xu et al.(2013), while both FBC and BBC were significantly higher in tropical/subtropical
forests than that in temperate forests in this study (Table 1 ). The seasonality of FBC and BBC could be a
source for the inconsistency. Microbial biomass showed strong seasonal dynamics, samples taken in growing
and non-growing seasons are expected to have distinct microbial biomass concentrations (Lipson et al.2002).

Our results also showed that F:B ratio was distinct among biomes, with the smallest F:B ratio in savanna and
the highest in tundra (Table 1 ). Similar to our findings, Bahram et al. (2018) found significantly higher F:B
ratio in boreal-arctic biomes (e.g., tundra and boreal forests) and temperate biomes (e.g., temperate forests
and grassland) than that in tropical biomes (e.g., savanna and tropical/subtropical forests). Additionally, we
found significantly higher F:B ratio in grasslands than that in pastures, which is consistent with de Vries et
al. (2012), suggesting that management practices enhance the dominance of bacteria.



We estimated FBC and BBC storage in topsoil as 12.56 Pg C and 4.34 Pg C, respectively (Table 2 ). This
result is consistent with overall terrestrial biomass estimates of FBC and BBC storage of 12 Pg C and 7 Pg
C, respectively, in Bar-On et al. (2018). Differences in methods probably account for most of the differences
between the results reported in these studies. Fungi are more sensitive to anoxic conditions, and bacteria and
archaea are important components in deep soils such as subsurface environments (Bar-On et al. 2018). It is
likely that the differences in the soil depths between this study (0-30 cm) and Bar-On et al. (2018) (entire
soil profile) might underpin the discrepancy in estimated global budget of BBC.

Mechanisms for the Microbial Biogeography

We demonstrated that different factors underpin the biogeographic patterns of FBC, BBC, and F:B ratio
in topsoil. These patterns can be related to the different nutrient stoichiometry of the microbial groups and
their ecological tolerance. First, saprotrophic fungi have more efficient enzymatic machinery than bacteria
to obtain C from complex organic material with high C:N ratio (de Vries et al. 2012; Chenet al. 2015).
Second, highly carbon-rich soils usually display low soil pH that is relatively more difficult to cope with for
bacteria compared with fungi (Eskelinen et al. 2009; Rousk et al.2010). These two interacting mechanisms
may favor fungi-dominated ecosystem C and nutrient cycling in tundra and boreal forest ecosystems that
exhibits particularly high F:B ratio. Third, fungi were more adapted to low-temperature conditions and
more heat-tolerant than bacteria (Pietikainen et al. 2005). Meanwhile, fungi dominate early stages of
litter decomposition that is more common in high-latitude than low-latitude (Steidinger et al. 2019). In
concordance, we also found significantly higher F:B ratio in boreal forest and temperate forest than that
in tropical/subtropical forest (Table 1 ). Grasslands feature significantly higher F:B ratio than pasture,
indicating that management practices might enhance the dominance of bacteria as shown by de Vries et al.
(2012). Natural wetland has F:B ratio comparable to unvegetated ground, desert, and shrub, which might
be relevant to the low availability of oxygen that inhibits the growth of fungi and most soil bacteria (Lin et
al.2012).

Edaphic properties rather than climatic variables determine much of the variation in FBC and BBC globally
(Fig. 2a-b), which is consistent with Chen et al. (2016). This result indicates that FBC and BBC variations
are driven by soil pH, SOC, nutrients (e.g., nitrogen and phosphorus), and soil texture (clay, silt, and sand)
that control the availability of C energy, nutrients and oxygen — all determinants of fungal and bacterial
growth (Brockett et al. 2012; de Vrieset al. 2012). Edaphic properties determine the nutrient and water
availabilities, and even shelter from predation (Chapin et al.2011). Specifically, soil pH strongly influences
abiotic factors, such as C availability (Andersson et al. 2000), nutrient availability (Pietri & Brookes 2008),
and the solubility of metals (Firestoneet al. 1983).

In striking contrast to bacterial and fungal biomass, our results suggest that climate is the most important
factor governing the F:B ratio (Fig. 2c ). Climate has a principal effect on soil properties and vegetation
activities that control soil microbial composition (Classen et al. 2015; Bahram et al. 2018). Although the
tight association between plant community and soil microbial community structure has been reported (Bard-
gett et al.1998), we observed negligible effects of plant productivity (NPP and C,o0t) on topsoil microbial
community structure. It is likely due to two reasons: 1) we used plant productivity to represent the effect
of plants in this study, while growing evidence points to plant functional traits as drivers of soil biological
processes at a range of spatial scales (Bardgett & Wardle 2010); 2) vegetation distribution and functional
traits are largely determined by climate (Aerts 1997), the inclusion of both climate and plants into the model
may result in the dominant role of climate in deciding soil microbial community.

Implications for Global Carbon Cycle

We estimated the ratio of FBC and BBC to SOC as 1.8% and 0.6%, respectively, which agrees with the
findings that microbial biomass C (MBC) generally comprises 0.5-5% of SOC (Insam 1990). Soil microbes,
the living fraction of soil organic matter, have a much faster turnover rate than soil organic carbon (Xu et al.



2017); meanwhile, the BBC bas faster turnover rate than FBC (Baath 1998; Rousk & Baath 2007b). The
changes in the MBC:SOC ratio indicates the integrated effects of soil organic matter input, soil microbial C
use and C losses, and mineral protection of SOC; therefore, MBC:SOC ratio has been suggested as a useful
and meaningful indicator of changes in soil organic matter status (Powlson & Jenkinson 1981; Sparling 1992).

However, MBC:SOC ratio was not constant. In addition to the natural variations due to the seasonal
dynamics of MBC, MBC:SOC ratio is affected by climate, and land use change, soil texture, soil mineralogy,
and SOC (Sparling 1992). For example, managed ecosystems such as croplands and pastures tend to have
broad MBC:SOC ratio and high MBC, the increasing MBC will enhance the release of carbon dioxide from
soil to atmosphere due to the facilitated microbial breakdown of soil organic matter. The acceleration of such
processes by soil microbes could significantly exacerbate the soil C cycle; therefore, soil microbial community
change is expected to have profound influence on global C cycle.

Limitations and Prospects

A few limitations need to be recognized when interpreting the results. First, we assumed that all samples
were taken from surface soil representing 0-30 cm soil profile; while the sampling depth varies between 0
and 30 cm in this study, and 76% of soil samples were taken for topsoil of 0-15 cm. Considering the vertical
distribution of microbial biomass C (Xu et al. 2013), this bias might lead to a trivial overestimate to the
summarized BBC and FBC in our estimates. Second, the disproportion of the number of data points from
each biome to its land area might lead to bias in spatial extrapolation. For example, the data points from
forest, grassland, and cropland contribute approximately 80% of the dataset, while the land area of these
biomes is approximately 50% of the global land area (Table 2 ). Third, the sampling date might be another
reason for uncertainty; the data points were taken from various seasons and we assume the average across
season represent the annual mean. In this aspect, future studies on seasonal variation of soil FBC and BBC
would bring in improvements to our knowledge. Fourth, actinobacteria was categorized as bacteria in a
portion of studies but not in others (Andersen et al. 2010; Royer-Tardif et al. 2010). This difference in
classification may introduce minor uncertainties in simulating the relationships between FBC and BBC.

Conclusions

This study reports the BBC and FBC in main biomes and presents the first global maps of BBC and
FBC in 0-30 cm topsoil. The global FBC and BBC were estimated to be 12.56 (6.64 ~ 16.42) Pg C and
4.34 (0.47 ~ 10.26) Pg C, respectively, in 0-30 cm topsoil. The FBC, BBC, and F:B ratio showed clear
distribution patterns on a global scale. Significant trends were observed along meteorological parameters
(MAP, MAT, ST, and SM), vegetation productivity (C,oot and NPP), and edaphic properties (soil texture,
bulk density, soil pH, SOC, TN, and C:N ratio). The FBC and BBC were primarily determined by edaphic
properties including sol texture, soil pH, bulk density, and SOC, the F:B ratio was mostly driven by climatic
variables, particularly MAP and MAT. The biogeographic patterns of BBC and FBC suggest that multiple
mechanisms synergistically affect soil C and nutrient cycling globally. Our study creates a benchmark for
explicit use of microbial distribution and its underlying mechanisms for predicting soil C and nutrient cycling
and biosphere-atmosphere feedbacks in a changing climate.
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Table 1. Biome-level fungal biomass carbon (FBC), bacterial biomass carbon (BBC,) and fungi:bacteria

(F:B) ratio

Biome

FBC (mg kg™ soil)

BBC (mg kg soil)

F:B ratio

Unvegetated ground

Desert
Grassland
Pasture
Cropland
Shrub

Savanna

Tropical/subtropical forest

Temperate forest
Boreal forest
Tundra

Natural wetlands

192.7449¢ (54.79 ~ 677.99)
16.92f (14.4 ~ 19.89)
215.194¢ (168.98 ~ 274.03)
632.15°¢ (288.99 ~ 1382.81)
212.694¢ (150.35 ~ 300.88)
218.14%d° (106.01 ~ 448.9)
103.36° (60.62 ~ 176.23)
451.40"° (362.32 ~ 562.39)
258.399¢ (189.16 ~ 352.95)
1234.08" (870.72 ~ 1749.08)
3683.59* (1678.49 ~ 8083.94)
329.81°4° (194.8 ~ 558.4)

(
45.42°0 (
(
209.962P

226.372P

24.64 (7.68 ~ 78.72)
6.83° (6.1 ~ 7.65)

62.69°4 (50.44 ~ 77.92)
270.65* (129.07 ~ 567.53)
65.77°1 (46.3 ~ 93.42)
23.48 ~ 87.85)
44.37°4 (25.94 ~ 75.92)

(179.03 ~ 246.24)

53.05°4 (38.71 ~ 72.7)

(172.79 ~ 296.58)

428.37* (236.98 ~ 774.31)
92.58P¢ (50.99 ~ 168.1)

3.9P¢ (2.2 7 6.91)
3.14Ped (2.2 7 4.49)
4.03% (3.52 ~ 4.62)
2.48% (1.62 ~ 3.8)
3.28Pcd (2.89 ~ 3.73)
4.82" (3.72 7 6.25)
1.82¢ (1.57 ~ 2.11)
2.224¢ (1.87 ~ 2.63)
4.92" (4.39 7 5.51)
5.03" (4.23 7 5.98)
8.6% (6.71 ~ 11.01)
4.13" (3.5 7 4.86)

* Values are presented as means with a 95% confidence boundary in parentheses and number of data points
for fungal, bacterial biomass and F:B ratio in brackets. Different superscript letters in one column mean
significant difference at the significance level of P =0.05, while the same letters indicate no significant

difference
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and MAP; Plant represent combined information of C,,,tand NPP; Edaphic properties includes bulk density,
soil pH, SOC, ST, clay, and sand. Soil microclimate represents ST and SM (red ellipse indicates the dominant
group of variables)
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Table 2. Biome-and global level storage and density of soil fungal and bacterial biomass C (95% confidence
interval are shown in the bracket)

Area (million km?) Biomass C Density (g C m2) Biomass C Density (g C m™2) Biomass
Biome Fungi Bacteria Fungi
Boreal forest 11.82 304.44 (191.19-356.01) 58.66 (7.02-171.86) 3.6 (2.2
Temperate forest 12.89 88.89 (40.25-115.74) 29.88 (3.01-78.5) 1.15 (0.!
Tropical/Subtropical forest 16.44 64.42 (2.09-115.49) 51.58 (0.51-113.82) 1.06 (0.
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Area (million km?) Biomass C Density (g C m2) Biomass C Density (g C m™2) Biomass

Grassland 12.16 88.69 (20.55-132.48) 46.14 (2.34-114.23) 1.08 (0.
Shrub 8.11 48.06 (11.4-64.78) 17.31 (0.59-53.85) 0.39 (0.
Tundra 5.75 226.96 (150.89-256.46) 32.65 (3.13-108.08) 1.31 (0.
Desert 13.51 59.04 (14.05-74) 15.28 (0.32-60.21) 0.8 (0.1
Natural wetlands 6.91 70.44 (30.9-99.91) 32.96 (3.47-72.44) 0.49 (0.
Cropland 14.94 67.61 (18.18-95.92) 30.09 (1.73-79.35) 1.01 (0.
Pasture 27.00 62.34 (24.03-84.12) 23.68 (1.85-61.62) 1.68 (0.
Globe 129.55 96.92 (51.23-126.75) 33.5 (3.66-79.19) 12.56 (6
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