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1  |  INTRODUC TION

Soil nitrogen (N) mineralization is a key microbial process in the 
global N cycle that controls soil N availability and thus ecosystem 
productivity (Keuper et al., 2017). The release of reactive N via 
mineralization activity is also a driver for N losses and is therefore 
of serious concern in many countries around the world (Galloway 

et al., 2008). To decrease N losses and increase plant productivity, 
a sound understanding of the factors that influence the rate of soil 
N mineralization is required. Most studies on the relationship be-
tween plant growth and mineralization at the regional (Fornara et al., 
2011; Mueller et al., 2013) or global (Li et al., 2019; Liu et al., 2017; 
Risch et al., 2019) scale have been based on net N mineralization 
rather than gross N mineralization (GNM) measurements. As net N 
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Abstract
Soil gross nitrogen (N) mineralization (GNM), a key microbial process in the global N 
cycle, is mainly controlled by climate and soil properties. This study provides for the 
first time a comprehensive analysis of the role of soil physicochemical properties and 
climate and their interactions with soil microbial biomass (MB) in controlling GNM 
globally. Through a meta-analysis of 970 observations from 337 published papers 
from various ecosystems, we found that GNM was positively correlated with MB, 
total carbon, total N and precipitation, and negatively correlated with bulk density 
(BD) and soil pH. Our multivariate analysis and structural equation modeling revealed 
that GNM is driven by MB and dominantly influenced by BD and precipitation. The 
higher total N accelerates GNM via increasing MB. The decrease in BD stimulates 
GNM via increasing total N and MB, whereas higher precipitation stimulates GNM 
via increasing total N. Moreover, the GNM varies with ecosystem type, being greater 
in forests and grasslands with high total carbon and MB contents and low BD and 
pH compared to croplands. The highest GNM was observed in tropical wet soils that 
receive high precipitation, which increases the supply of soil substrate (total N) to 
microbes. Our findings suggest that anthropogenic activities that affect soil microbial 
population size, BD, soil substrate availability, or soil pH may interact with changes 
in precipitation regime and land use to influence GNM, which may ultimately affect 
ecosystem productivity and N loss to the environment.
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mineralization results from two concurrent and oppositely directed 
microbial processes (GNM and gross N immobilization) in the ab-
sence of plant uptake, measurement of net N mineralization rates 
does not provide a measure of the true N mineralization capacity of 
the soil (Davidson et al., 1992). As a result, the net N mineralization 
rates are usually weakly associated with GNM (Booth et al., 2005; 
Schimel & Bennett, 2004). Meanwhile, GNM measures the absolute 
amount of ammonium (NH4

+) produced from soil organic N due to 
microbial activity. Given the evidence from terrestrial ecosystems 
that plants can successfully compete with microbial N immobiliza-
tion (Inselsbacher et al., 2010; Osterholz et al., 2017), GNM may pro-
vide new information about the global potential soil N supply.

The rate of GNM is mainly controlled by soil properties, soil mi-
crobes, and climate. For instance, GNM increases with increasing soil 
organic carbon (C), soil organic N, and soil pH (Cheng et al., 2019; Wang 
et al., 2016), but decreases with increasing C:N (Cheng et al., 2019). 
Moreover, changes in soil microbial biomass (MB) have a significant ef-
fect on GNM and often positive correlations among GNM and MB (Zeng 
et al., 2014), and bacterial and fungi abundances (Ribbons et al., 2016) 
are observed. Furthermore, Zhang et al. (2018) reported that GNM in 
humid climate regions was significantly greater than that in semiarid 
and arid regions, reflecting the inherent links between GNM and cli-
mate. Moreover, climatic conditions shape soil characteristics over long 
time scales (Doetterl et al., 2015; Wang, Yoo, et al., 2018). Thus, under-
standing the role of soil properties, soil microbes, and climate as well as 
their interactions in controlling GNM globally is necessary for enhanc-
ing understanding of potential soil N supply. However, the pattern of 
GNM at the global scale is still unclear, and only one study on GNM has 
been done at the global scale (Booth et al., 2005), which mainly focused 
on the response of GNM to individual soil properties such as total C, 
total N, C:N, and MB with relatively few observations. They ignored 
the role of climate, soil pH, and soil physical properties such as soil bulk 
density (BD) in controlling GNM. Also, they did not test the relationship 
between controlling factors and GNM across ecosystem types. All of 
these limitations make it difficult to draw firm conclusions about the 
global patterns and drivers of GNM.

The current study is the first global analysis on the role of soil 
physical properties (e.g., BD) and climate (e.g., mean annual precip-
itation, hereafter referred to as MAP) and their interactions with 
MB and soil chemical properties in controlling GNM. A better un-
derstanding of the direct and indirect factors controlling GNM is 
needed. It has been reported that changes in MB have a profound 
influence on GNM (Chi et al., 2021; Zeng et al., 2014). High MB turn-
over rates (approximately 0.84 year−1) support a large release of the 
readily available substrate (Goyal et al., 1993). Across a wide range 
of forest ecosystems, Wang, Wang, et al. (2018) suggested MB as an 
important effector of GNM. Thus, we hypothesize that MB would 
be the driver of GNM at the global scale (hypothesis 1). At a regional 
or global scale, BD is usually not considered a dominant predictor of 
GNM (Booth et al., 2005). Recently, Risch et al. (2019) reported that 
simulation studies for soil N cycle may benefit from including BD 
as soil with lower BD is likely to provide micro-soil conditions more 
favorable for soil microbial thriving. Strong negative correlations of 

MB (Tan et al., 2005), bacterial and fungi biomass (Li et al., 2002; 
Smeltzer et al., 1986), total N, and enzyme activities (Dick et al., 
1988; Tan et al., 2005) with BD were observed. Therefore, we pro-
posed a new hypothesis that GNM would be dominantly affected by 
BD at the global scale (hypothesis 2). Moreover, MAP influences soil 
substrates (Zhao et al., 2017), MB (Serna-Chavez et al., 2013), soil pH 
(Slessarev et al., 2016), and BD (Mwendera & Feyen, 1994). Low soil 
moisture reduces soil substrates supply to soil microbes due to lim-
itations in soil substrate diffusion (Borken & Matzner, 2009). Cheng 
et al. (2014) found that soil microbial respiration decreases with 
decreasing soil moisture, demonstrating that low soil moisture can 
decrease microbial activity. Thus, we hypothesize that MAP would 
be another important factor controlling GNM at the global scale (hy-
pothesis 3). Concurrently, we expect that climate (e.g., MAP) and/or 
soil properties may indirectly influence GNM through altering MB.

Ecosystem types vary in terms of environmental factors. For 
instance, soil pH was lower in forests than grasslands and crop-
lands, whereas total C, total N, and MB were higher in forests and 
grasslands than in croplands (Cookson et al., 2007; Li et al., 2019). 
Thus, higher GNM was observed in forests than in croplands on a 
regional scale (Lang et al., 2016). However, the relationship between 
controlling factors and GNM across ecosystem types at the global 
scale is not fully obvious. We hypothesize that GNM rates and 
the relationships between controlling factors and GNM would be 
ecosystem-specific (hypothesis 4).

To address the above hypotheses, we analyzed data from 337 
published papers that include 970 observations. The questions that 
guided us throughout this analysis were as follows: (i) what are the 
main drivers of GNM on a global scale? (ii) what are the roles of soil 
physical properties (e.g., BD) and climate (e.g., MAP) and their inter-
actions with MB and soil characteristics in controlling GNM globally? 
and (iii) do GNM rates and the relationships between controlling fac-
tors and GNM differ among ecosystem types and climatic zones?

2  |  MATERIAL S AND METHODS

2.1  |  Data assembling and overview of data 
collected

The dataset of GNM was constructed by assembling data from pub-
lished papers. We screened the articles using the keywords “soil gross 
nitrogen transformation,” “gross nitrogen mineralization,” or “15N iso-
tope dilution technique” by the Web of Science Database and Google 
Scholar up to September 30, 2020. We checked the screened articles 
to remove duplicate articles. We used the next criteria for assembling 
data of GNM: (i) GNM was estimated utilizing the topsoil samples 
(mostly to the top 20 cm soil depth), (ii) the majority of studies were 
conducted under laboratory incubation conditions, (iii) analyses were 
restricted to results from unfertilized soils, and (iv) the majority of in-
cubational lengths for GNM range from 24 to 48 h.

A total of 970 observations were collected from 337 papers 
(Appendix S1) that include data across various ecosystems. The 
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majority of GNM rates were determined with the 15N isotopic pool 
dilution technique, but we also used data from 15N tracing studies. 
Data from organic (139 observations), mineral (751 observations), 
and mixed (organic +  mineral; 80 observations) soil horizons were 
used in large-scale pattern analysis, but the comparisons among eco-
system types were confined to mineral soil horizons data. Similarly, 
we included measurements made using both intact and disturbed 
soils in large-scale pattern analysis, but the comparisons among eco-
system types were confined to disturbed soils data, with the rec-
ognition that soil sieving affects GNM (Booth et al., 2005; Gütlein 
et al., 2016). Moreover, our global analysis revealed no significant 
differences between the average GNM rates up to 96 h of incuba-
tion (Figure S1). Thus, the comparisons among ecosystem types were 
confined to the data based on incubation periods of 24–96 h.

All original results were assembled from graphs, tables, and text, 
with unit conversions made as appropriate. The results contained in 
graphs were generated using GetData (version 2.22). Site-specific 
data such as latitude, longitude, N deposition, MAP, mean annual 
temperature (MAT), ecosystem type, climatic zone, BD, soil pH, total 
C, total N, C:N, dissolved organic C (DOC), dissolved organic N (DON), 
microbial biomass C (MBC), microbial biomass N (MBN), MBC:MBN, 
the abundance of fungi and bacteria, fungi: bacteria, soil microbial 
respiration rate, and net N mineralization were collected from the 
original papers. We matched these factors with GNM, specific GNM 
(calculated as GNM÷MBN), and extractable NH4

+-N. Since GNM re-
flects both the substrate and MB, the specific GNM, by accounting 
for the variation in MB size, indicates the availability of quantity and 
quality of organic N for mineralization (Corre et al., 2003).

In our dataset, MAP and MAT ranged from 266 to 7000 mm, and 
−4.80 to 28.5℃, respectively. N deposition rate ranged from 2.00 

to 82.5  kg  N  ha−1  year−1. Soil pH (mostly soil water extract) ranged 
from 2.80 to 8.80. The observations were distributed across all geo-
graphic regions (Figure 1), they are, as Asia (including Russia; 39%), 
North America (25.5%), Europe (24%), Australia/Oceania (6.3%), South 
America (3.3%), and Sub-Saharan Africa (1.8%). The dataset considered 
the ecosystem types: forests, grasslands, and croplands, with 56%, 26%, 
and 15% of the observations, respectively. In our dataset, climatic zones 
were coded according to the Köppen Classification System (Kottek 
et al., 2006) as tropical wet, humid subtropical, marine west coast, the 
Mediterranean, and continental. Moreover, soil pH is classified accord-
ing to the United States Department of Agriculture Natural Resources 
Conservation Service as ultra-acidic (pH < 3.5), extremely acidic (pH 
3.5–4.4), very strongly acidic (pH 4.5–5.0), strongly acidic (pH 5.1–5.5), 
moderately acidic (pH 5.6–6.0), slightly acidic (pH 6.1–6.5), natural (pH 
6.6–7.3), slightly alkaline (pH 7.4–7.8), moderately alkaline (pH 7.9–8.4), 
and strongly alkaline (pH 8.5–9.0).

2.2  |  Statistical analyses

Before statistical analyses, the normality of the data was tested 
using the Kolmogorov–Smirnov test, and all data except soil pH were 
natural logarithm (ln) transformed to reduce heteroscedasticity.

2.2.1  |  Comparison of GNM rates among 
ecosystem types

We computed the average GNM and specific GNM of each ecosystem 
type in different climatic zones. We also calculated the average GNM 

F I G U R E  1  Global distribution of study sites included in our study [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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and specific GNM of each soil horizon (e.g., organic or mineral soil 
horizon). Moreover, we calculated the average GNM of each soil pH 
class in the mineral horizon. The comparisons of GNM and specific 
GNM across ecosystem types, climatic zones, soil horizons, and soil 
pH classes were done with Tukey Honestly Significant Difference test 
by the Statistical Package for Social Sciences (SpSS ver. 23).

2.2.2  |  Linear regression analysis

Linear regression analysis using the “stats” package in R was em-
ployed to analyze global-scale patterns in the data, such as among 
environmental factors (soil properties, MB, N deposition, or climatic 
variables) and GNM, specific GNM, and extractable NH4

+-N.

2.2.3  |  Variable selection for mixed-effects meta-
regression analysis and structural equation modeling

Variance inflation factors (VIFs) were calculated to examine the pres-
ence of collinearities between environmental variables. Environmental 
variables were excluded when VIF was >5. In summary, we selected the 
variables to present the soil physical, chemical, and biological properties 
as well as climatic variables as follows: (i) MB as it is most often thought 
to control soil N mineralization, (ii) BD as the only soil physical variable of 
the group and it is easy and inexpensive to measure, (iii) soil total N as the 
quantity of global total N is the key substrate for soil N mineralization, 
(iv) soil pH as it influences the size of MB and soil substrates availability, 
and it is also easy and inexpensive to measure, (v) C:N as biogeochemical 
processes closely link the N and the C cycles, and (vi) MAP as it is thought 
to control soil substrates availability and MB, and it is globally available. 
Because there was no significant relationship between MAT and GNM 
in linear regression analysis, MAT was not included in our mixed-effects 
meta-regression analysis and structural equation modeling (SEM), but it 
was included in our linear mixed-effect model when testing the relation-
ship of GNM with environmental factors across ecosystem types.

2.2.4  |  Mixed-effects meta-regression analysis

We tested the impact of MBN, BD, soil pH, total N, C:N, and MAP 
on GNM in a model of mixed-effects meta-regression using the “gl-
multi” package in R. The importance of each predictor was expressed 
as the sum of Akaike weights for models that included this factor, 
which can be considered as the overall support for each variable 
across all models. A cutoff of 0.8 was set to differentiate between 
important and unimportant predictors (Terrer et al., 2016).

2.2.5  |  Structural equation modeling

We employed SEM to examine how GNM and soil NH4
+-N availabil-

ity is affected by soil biological properties (e.g., MBN), soil physical 

(e.g., BD), and chemical (e.g., soil pH and total N) properties, and/
or climate (e.g., MAP). The conceptual SEM (Figure S2) included the 
direct influences of MBN, BD, total N, soil pH, and MAP on GNM 
and soil NH4

+-N availability and the indirect influences where MAP, 
and/or soil characteristics affected GNM and NH4

+-N availability via 
changing MBN. Moreover, the conceptual SEM included the indirect 
influences of MAP on GNM and NH4

+-N availability via altering soil 
physical and chemical properties and the indirect effect of BD on soil 
chemical properties. SEM testing was performed using the “lavaan” 
package in R. We evaluated the conceptual model by the goodness-
of-fit statistics [p-value (χ2) > .05, comparative fit index = 0.99, and 
Tucker–Lewis index = 0.91].

2.2.6  |  Linear mixed-effect analysis

The relationships of GNM with climatic variables (MAP and MAT), 
soil properties (BD, pH, total N, total C, and C:N), and MB charac-
teristics (MBC, MBN, and MBC:MBN) across ecosystem types and 
climatic zones were examined by a linear mixed-effect model. Linear 
mixed-effect model was performed by the maximum likelihood es-
timation with the “lme4” package in R. For each ecosystem type or 
climatic zone, the slopes between GNM and variables were assem-
bled and plotted.

3  |  RESULTS

3.1  |  Global pattern of GNM and specific GNM 
across ecosystem types and climatic zones

The global average (±standard error) of GNM and specific GNM were 
8.63 ± 0.53 mg N kg−1 day−1 and 84.7 ± 6.30 mg N g−1 MBN day−1, 
respectively. The GNM varied significantly among soil horizons, ter-
restrial ecosystems, and climatic zones (Figure 2). The average GNM 
was greater in soil organic horizon than in mineral horizon (Figure 2a). 
There was also a tendency that GNM was greater in forests and grass-
lands than in croplands (Figure 2b). The average GNM was greater in 
the tropical wet region than in other regions (Figure 2c). In continen-
tal and marine west coast regions, the average GNM was greater in 
grasslands than in forests and croplands. However, in tropical wet 
regions, GNM was greater in forests than croplands and grasslands 
(Figure S3). There was no significant difference between specific 
GNM across soil horizons (Figure 2d). Specific GNM was greater in 
forests than in croplands and grasslands (Figure 2e). The highest spe-
cific GNM was observed in the Mediterranean soils (Figure 2f).

3.2  |  Effect of environmental factors on GNM 
rates and N availability

Our study revealed that GNM is driven by MB and dominantly af-
fected by BD and MAP at the global scale, whereby GNM accelerated 
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as MB and MAP increased but as BD decreased (Figure 3a,b). 
Moreover, the SEM suggests that higher total soil N and soil pH in-
directly accelerated GNM via increasing MB. BD indirectly affects 
GNM by altering MB, total N, and soil pH (Figure 3b), while MAP in-
directly increases GNM by increasing total soil N and decreasing BD. 
The controlling factors in combination explained for the 57% varia-
tion of GNM. The previous relationships were consistent with our 
linear regression analysis as shown in Figure 4 and Table S2, which 
also revealed that GNM was positively correlated with total C, C:N, 
DOC, DON, net N mineralization, bacterial and fungi abundances, 
and microbial respiration, but was negatively correlated with soil pH, 
N deposition, and fungi: bacteria.

Moreover, our SEM revealed that GNM, total N, soil pH, and MAP 
were the main controlling factors of NH4

+-N availability, whereby 
available NH4

+-N increased with increasing GNM and total N, but 
decreased with increasing MAP and soil pH. The controlling factors 
in combination explained the 39% variation of available NH4

+-N. 
These findings were consistent with our linear regression analysis 
(Figure 4n; Table S2), which also revealed that extractable NH4

+-N 
was related to total soil C, C:N, DOC, DON, and MB. Furthermore, 
changes in the soil microbial population size were the controlling 
factor of specific GNM (Table S2). Strong positive correlations (all 
p <  .001) among specific GNM and bacterial (R2 =  .53) and fungi 
(R2 = .49) abundances, but negative correlation with fungi: bacteria 
(R2 = .56) were observed.

3.3  |  Relationships of GNM with environmental 
factors across ecosystem types

Different controlling factors on GNM were operational across ter-
restrial ecosystems (Figure 5). In croplands, C:N was the driver of 
GNM, and the MB had a more significant role than the substrates 
and MAP (Figure 5a). The highest influence on GNM in forests was 
in the range C:N > total N > MB > total C > MAP > BD (Figure 5b). In 
grasslands, BD was the driver of GNM, whereas the substrates (total 
N and total C) had a more significant role than the MB (Figure 5c). 
The role of MB and substrates in controlling GNM was greater in 
forests than in grassland and croplands.

The controlling factors of GNM also varied greatly across cli-
matic zones (Figure 6). In continental zones, BD followed by MB and 
total N were the controlling factors of GNM (Figure 6a). In humid 
subtropical zones, MAT followed by BD were the controlling factors 
of GNM, whereas MB had a more significant role than substrates 
(Figure 6b). In marine west coast zones, BD followed by MAP were 
the controlling factors of GNM, but the role of total N was greater 
than that of MB (Figure 6c). In the Mediterranean zones, BD fol-
lowed by MAT and C:N were the most important factors affect-
ing GNM, but the role of total N was greater than that of MB and 
soil pH (Figure 6d). The highest influence on GNM in tropical wet 
zones was in the range MBC:MBN > BD > MBC >  total N >  total 
C > MAP > soil pH > MAT (Figure 6e).

F I G U R E  2  Changes (means ± SE) of GNM (a, b, and c) and specific GNM (expressed as GNM per microbial biomass N; d, e, and f) with 
soil horizons, terrestrial ecosystems, and climatic zones, respectively. The different letters above box plot indicate significant differences at 
p < .05, while N is the number of observations. The comparisons among terrestrial ecosystems and climatic zones were confined to mineral 
soil horizons data. GNM, gross N mineralization; SE, standard error [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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4  |  DISCUSSION

Our study provides a comprehensive analysis of the role of BD and 
MAP and their interactions with MB and soil properties in control-
ling GNM globally. Former studies on GNM at the global scale mostly 
focused on the response of GNM to individual soil properties (total 
N, total C, C:N, and MB) with relatively few observations making it 
difficult to draw firm conclusions (Booth et al., 2005). For example, 
Booth et al. (2005) concluded that MB and soil substrate (total C and 
N) availabilities were all predictive of GNM, but without any details 
explaining which were the most important and whether both of them 
directly affected GNM or there were indirect effects. In their study, 
they neglected the role of BD, soil pH, and climate. Our model selec-
tion analysis and SEM showed that GNM was more related to MB, 
BD, and MAP than soil substrate (total N) and soil pH. However, our 
SEM suggests that soil pH and total N indirectly influence GNM via 
altering MB. Our study, for the first time, sheds light on the vital role 
that BD plays in controlling GNM. Therefore, BD should be included 
as a key factor controlling GNM in future studies. This detailed un-
derstanding will help us achieve firm estimates of soil N availability, 
and ultimately, ecosystem productivity at global and regional scales.

4.1  |  Soil microbes drive GNM at the global scale

Soil microbial biomass played a more significant role in controlling 
GNM globally than climate (e.g., MAP) and soil physical (e.g., BD) and/
or chemical properties (total N, and soil pH). This supports former 

studies that reported that GNM was best described by MB at the 
regional scale (Wang, Wang, et al., 2018; Zaman et al., 1999). MB has 
a rapid turnover rate, ranging from 0.81 to 0.87 year−1 (Goyal et al., 
1993) and can be considered the driving force behind the N cycle in 
croplands and natural ecosystems (Inubushi & Acquaye, 2004). The 
vital role of soil microbes in controlling GNM is probably due to their 
role in producing soil enzymes (Baldrian, 2014). The depolymeriza-
tion of complex N-containing organic matter into simple monomers 
is the first step of N mineralization, and microbial production of 
exoenzymes drives this process (Darby et al., 2020; Schmidt et al., 
2011). MB and enzyme activities (e.g., urease, amidase, deaminase, 
and chitinase) are closely related (Baldrian, 2014; Mishra et al., 2005; 
Nayak et al., 2007; Zaman et al., 1999), as are reflected by the close 
correlations among GNM and MB and enzyme activities (Zaman 
et al., 1999). Furthermore, the positive relationship between GNM 
and the abundances of bacteria and fungi (Figure 4j,k) confirmed the 
important role of MB, most of which are bacteria and fungi (Inubushi 
& Acquaye, 2004; Yang & Insam, 1991; Yuan et al., 2013), in con-
trolling GNM. We also found that specific GNM is mainly controlled 
by bacterial and fungal abundances and the bacteria to fungi ratio 
(Table S2), indicating that soil microbial characteristics are the main 
factors controlling the quantity of N that is mineralized. Our SEM 
suggests that soil substrate (total N) is the major determinant of MB, 
thus influencing GNM. Soils with higher total N usually have greater 
MB (Table S1) (Kallenbach & Grandy, 2011; Lang et al., 2010), and ex-
hibit faster GNM rates (Booth et al., 2005). For instance, the higher 
soil substrate availability to soil microorganisms in organic layers 
caused a greater stimulation of microbial activity, and ultimately 

F I G U R E  3  (a) Model-averaged importance of the predictors of the effect of the variable on GNM. The importance is based on the sum 
of Akaike weights derived from model selection using AICc (for small samples). The cutoff is set at 0.8 (dashed line) to differentiate between 
the important and unimportant predictors. (b) SEM revealing the influences of MAP, soil bulk density, soil pH, total soil N, and MBN on GNM 
and NH4

+-N availability. The black arrows indicate significant positive relationships, whereas the red arrows indicate significant negative 
relationships, where the significance level was set at α = .05. Numbers beside the arrows are standardized coefficients. R2 refers to the 
variation degree of the variable interpreted by all paths from the combination from the fixed and random effects. AICc, Akaike's Information 
Criteria corrected; GNM, gross N mineralization; MAP, mean annual precipitation; MBN, microbial biomass N; SEM, structural equation 
model [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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F I G U R E  4  Relationship of GNM with MBN (a), MBC (b), total N (c), total C (d), C:N (e), soil bulk density (f), soil pH (g), MAP (h), dissolved 
organic N (i), bacteria (j) and fungi (k) abundances, N deposition (l), microbial respiration (m), extractable NH4

+-N (n), and net N mineralization 
(o) in organic (green dots), mineral (red dots), and mixed (blue dots) soil horizons at the global scale. The gray area refers to the 95% 
confidence interval around the regression line while N is the number of observations. GNM, gross N mineralization; MAP, mean annual 
precipitation; MBC, microbial biomass C; MBN, microbial biomass N [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  5  The slopes (mean ± SE) of the relationships between GNM rate and environmental factors across terrestrial ecosystems in 
mineral soil horizons. The values without parentheses are the number of observations. GNM, gross N mineralization; MAP, mean annual 
precipitation; MAT, mean annual temperature; MBC, microbial biomass C; MBN, microbial biomass N; SE, standard error [Colour figure can 
be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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GNM (Figure 2a), while in mineral horizons, due to the limitation of 
soil substrate availability, microbial activities were restricted and 
GNM was reduced (Corre et al., 2010; Sun et al., 2019).

Soil pH is also a major determinant of MB (Priha et al., 2001; 
Shah et al., 1990). MB increased with increasing soil pH ranging from 
3.0 to 7.7 (Aciego Pietri & Brookes, 2008; Cerri & Jenkinson, 1981; 
Kemmitt et al., 2006; Motavalli et al., 1995). Forest soils treated with 
ash and lime increased soil pH from 4.0 to 7.0, enhancing bacterial 
growth fivefold (Bååth & Arnebrant, 1994). However, when soil pH 
increased from 4.5 to 8.0, the fungal growth decreased by fivefold 
(Rousk et al., 2009). Interestingly, our findings revealed a strong 
negative relationship between soil pH and both fungi and bacteria 
abundances (Figure S5a,b). This partly agrees with Cho et al. (2016), 
who reported that although an acidic soil (pH 5.2) represented a 
non-optimal pH for bacterial growth, the bacterial diversity, rich-
ness, and evenness in this soil were higher than those found in a 
neutral pH soil (pH 7.7). These findings may explain the negative re-
lationship between soil pH and GNM at the global scale (Figure 4g). 
However, further scrutiny showed that this negative relationship is 
not absolute but had thresholds (Figure S5c). For example, GNM de-
creased with decreasing soil pH when soil pH was <4.2, likely due to 
decreased MB and activities (Kemmitt et al., 2006; Motavalli et al., 
1995) as a result of the increased availability of heavy metals (Aciego 
Pietri & Brookes, 2008; Blake et al., 1999). The highest GNM rate 
was noted in slightly acidic soils (pH 6.1–6.5; Figure S5c), which are 
ideal for soil microbes, because in this soil plants grow well and pro-
duce more root exudates as an available C source for survival and 
reproduction of microbes (Msimbira & Smith, 2020). Furthermore, 
although a few studies suggested that GNM is stimulated by increas-
ing soil pH (Cheng et al., 2013; Zhao et al., 2018) due to the increase 
in soil organic matter solubility (Curtin et al., 1998), we found that 

GNM significantly decreased when soil pH was >8.0, and the low-
est GNM was recorded in strongly alkaline soils (Figure S5c). This 
may be due to higher pH reduced the activities of the enzymes that 
directly regulated GNM. For instance, urease (Singh & Nye, 1984) 
and β-N-acetylglucosaminidase (Sinsabaugh et al., 2008) activities 
reduced when soil pH elevated from 4.0 to 9.0. Therefore, the indi-
rect effect of soil pH on GNM via changing MB and activity should 
be taken into account.

4.2  |  The vital role of soil BD and precipitation in 
controlling GNM

Interestingly, although the role of BD in controlling GNM is often 
neglected, we found that BD controls GNM to a degree not much 
less than MB (Figure 3b), and this finding confirms our second hy-
pothesis. Soils with a low BD would have a high soil porosity, en-
hancing soil capacity to retain soil water and supply soil oxygen, thus 
improving soil microbial activity (Ishak et al., 2014). Strong negative 
associations of MB, total N (Dick et al., 1988), and soil biomass of 
fungi and bacteria (Li et al., 2002; Smeltzer et al., 1986) with BD were 
recorded. Soil microbial activity was reduced by 50%–60% with in-
creasing soil compaction (Ishak et al., 2014). Furthermore, soil en-
zyme activities (e.g., protease) which had close correlations with MB 
and GNM (Mishra et al., 2005; Zaman et al., 1999) decreased with 
increasing soil compaction (Li et al., 2002; Tan & Chang, 2007). In 
contrast to MB and soil substrates quantity and quality, BD is usually 
not considered a master factor controlling GNM (Booth et al., 2005). 
Here, we show that BD is a main factor driving GNM. Accordingly, 
future GNM studies and simulation studies for soil N cycling may 
benefit from including BD.

F I G U R E  6  The slopes (mean ± SE) of the relationships between GNM rate and environmental factors across climatic zones in mineral soil 
horizons. The values without parentheses are the number of observations. GNM, gross N mineralization; MAP, mean annual precipitation; 
MAT, mean annual temperature; MBC, microbial biomass C; MBN, microbial biomass N; SE, standard error [Colour figure can be viewed at 
wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/


5958  |    ELRYS et al.

Precipitation and its effect on soil moisture can also affect GNM 
via increasing soil substrates (e.g., total C and N), either via a shift 
in plant community composition and associated input of litterfall, 
or by changes resulting from decomposition processes (Zhao et al., 
2017). Soils with additional substrates have greater MB on a global 
scale (Kallenbach & Grandy, 2011; Serna-Chavez et al., 2013). MB 
increased by 20% with increasing precipitation in grasslands (Liu 
et al., 2009). High MAP is also a cause of slightly soil acidification 
(Table S1; Slessarev et al., 2016) because rainwater is slightly acidic 
(Msimbira & Smith, 2020), stimulating GNM (Figure 3b). Moreover, 
our SEM revealed that high MAP, which increases biomass produc-
tion and thus soil organic matter (Zhao et al., 2017), can decrease BD 
(Herencia et al., 2011), which stimulates GNM. Thus, it is likely that 
anthropogenic activities affecting soil compaction may interact with 
future changes in MAP to influence GNM, and ultimately, ecosystem 
productivity.

4.3  |  Relationships of GNM with key factors are 
ecosystem-specific

Microbial biomass and/or soil substrates (total C and N) are mainly 
responsible for the GNM variability across terrestrial ecosystems. 
However, we could see the effect of these factors on GNM was 
smaller in croplands than in forests. Organic substrates are a main en-
ergy source for soil microbes (Schimel & Bennett, 2004). Therefore, 
a higher quantity of soil substrates can support greater microbial ac-
tivities, stimulating GNM (Lang et al., 2010). The higher total C con-
tent in forests and grasslands (Figure S4) might have contributed to 
the recorded variations in GNM (Lang et al., 2019). The high specific 
GNM in forests (Figure 2e) indicates a high-quality substrate is avail-
able, supporting high microbial activity (Corre et al., 2006). However, 
the low specific GNM in croplands (Figure 2e) suggests a decline in 
activity per unit MB (Corre et al., 2006). Agricultural practices de-
stroy soil structure and enhance soil aeration, accelerating C decom-
position (Anderson & Domsch, 2010). Under tillage, MB reduced by 
37%–50% (Balota et al., 2004). Moreover, the high inorganic N inputs 
inhibit humus-degrading enzyme production by soil microbes, and 
thus decreasing GNM (Corre et al., 2003). We could also note that 
BD was an important controller of GNM in forests and grasslands, 
but not in croplands (Figure 5). Soil BD, which is a main negative 
controlling factor of MB and total N (Figure 3b), was smaller in for-
ests and grasslands than in croplands (Figure S4a). Land-use change 
from croplands to forests or grasslands significantly increased soil 
aggregate stability (Delelegn et al., 2017). A well-aggregated soil 
has high organic matter content and lower BD, stimulating GNM 
in forests and grasslands (Bizuhoraho et al., 2018). It suggests that 
management activities that affect soil microbes and soil compac-
tion lessened the relationship among GNM and MB, soil substrate, 
and BD in croplands. In contrast to what has been observed on a 
global scale, we found that C:N was a dominant factor controlling 
GNM in mineral soil horizon of forests and croplands (Figure 5) as 
GNM increases with decreasing C:N (Booth et al., 2005). Low C:N 

of organic C substrates supplies a sufficient N to meet the growth 
and proliferation of the soil microbial community (Cheng et al., 2017; 
Nguyen et al., 2016). Cheng et al. (2017) proposed a critical C:N of 
18, below which organic C substrates could not stimulate microbial 
N immobilization. The C:N values in our dataset were <18, and thus 
stimulating GNM.

The average GNM was greater in the tropical wet region than 
in other regions. In our dataset, tropical wet soils are acidic (pH 
3.8–6.53) with relatively high MAT (15.3–28℃) and MAP (1000–
5461 mm), stimulating GNM. The higher MAT in tropical zones leads 
to faster turnover of MB and soil organic matter (Joergensen, 2010). 
This is in line with the positive relationship between MAT and GNM 
and the negative relationship between soil pH and GNM in tropical 
wet regions (Figure 6e). Zhang et al. (2018) reported that GNM in 
acidic soils in humid regions was significantly greater than that in 
semiarid and arid regions with a neutral or alkaline pH. However, 
in the Mediterranean regions, lack of rain and higher MAT, which 
elevate soil evaporation rate, lead to droughts that cause up to 30% 
of C resources to be bound in cytoplasmic osmotic protection mol-
ecules, negatively influencing soil microbial activity (Aponte et al., 
2010). Cytoplasmic osmolytes utilized by bacteria to resist drought 
stress are amino compounds (Csonka, 1989), whereas fungi utilize 
polyols that do not contain N (Witteveen & Visser, 1995). Thus, it 
can be speculated that during drought stress, microbial community 
composition transformed into a higher abundance of fungi (Aponte 
et al., 2010), hence reducing GNM (Högberg et al., 2007). GNM has 
been found to be negatively associated with fungi: bacteria in boreal 
forests soils (Högberg et al., 2007), and our findings at the global 
scale also confirmed this negative relationship (Table S2). These re-
sults confirm our findings in the Mediterranean regions that the ef-
fect of MB and total C on GNM was minor, whereas MAT was a main 
negative controlling factor.

4.4  |  Implications

Understanding the role of soil microbes, soil properties, and cli-
mate in controlling GNM is crucial to obtaining a firm conclusion of 
global soil N availability, which mainly controls the productivity of 
terrestrial ecosystems. Our findings highlight the vital role of MB, 
BD, and MAP for controlling GNM and soil N availability globally. In 
the context of global change, our findings suggest that changes in 
MB and associated soil properties and climatic variables would ulti-
mately influence soil N availability through changing GNM. Land-use 
change, particularly the intensification and expansion of croplands, 
is one of the main causes of global environmental degradation and 
can severely impact MB, and ultimately, GNM. For instance, con-
verting forests into croplands decreased soil organic matter, total N, 
and MB (Bizuhoraho et al., 2018; Tellen & Yerima, 2018), and thus re-
ducing GNM (Lang et al., 2019). Furthermore, we found that BD is a 
key factor controlling GNM, and therefore anthropogenic activities 
that alter BD would affect GNM rates. For example, soil compaction 
linked with inappropriate maneuvering of field equipment, and/or 
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modern cropping systems increases BD, limiting microbial activities 
and soil substrate availability (Li et al., 2002; Tan & Chang, 2007), 
and thus reducing GNM and soil N availability. However, organic fer-
tilization, which is a common practice to alleviate soil compaction 
and enhance soil pore volume size, decreases BD (Xu et al., 2019), 
stimulating GNM. Over 10 years of organic fertilization, soil BD at a 
depth of 0–15 cm decreased from 1.6 to 1.2 g cm−3 (Herencia et al., 
2011), and thus GNM could increase (Zhang et al., 2015).

Nitrogen deposition supplies N for microbial growth and alters 
soil pH, all of which may influence soil microbial activity, and soil en-
zyme synthesis, and subsequently GNM (Cheng et al., 2019, 2020). 
Nitrogen deposition reduced MB by 15% (Treseder, 2008) and 
might, in turn, reduce GNM (Figure 4l). Moreover, Lu et al. (2013) 
reported that warming enhanced MB by 2.2%‒7.6% from a global 
synthesis. Thus, global warming may stimulate GNM via increasing 
MB (Lu et al., 2013). However, global warming is likely to lead to a 
remarkable increase in evaporative demand, which, when combined 
with a decrease in MAP in some regions such as the Mediterranean 
regions, may lead to a shift toward more arid climates (Spinoni 
et al., 2020), and it can be speculated that GNM would be sup-
pressed based on the positive relationship between MAP and GNM 
(Figure 3b). Overall, our study indicates that management practices 
that alter soil microbial population size, BD, soil substrate availabil-
ity, and/or soil pH may interact with future changes in MAP and 
MAT to strongly influence the quantity of N that is mineralized, and 
ultimately, ecosystems productivity. Moreover, the biogeochemical 
models incorporating BD and climate and its interactions with MB 
and soil properties will largely enhance the predictability of soil N 
dynamics under future climate changes.

In our SEM, more than 40% of the variations in GNM are still un-
explained, which may be due to shifts in microbial community com-
position. Our findings revealed that GNM was correlated positively 
with the abundances of fungi and bacteria (p < .01), but negatively 
with the fungi to bacteria ratio (p = .001; Table S2). Unfortunately, 
soil microbial community structures were not included in our SEM 
because of insufficient data. In the context of global change, soil mi-
crobial community structures are influenced by anthropogenic dis-
turbances such as soil compaction (Ishak et al., 2014) and/ or climate 
change (Castro et al., 2010), which might lead to changes in GNM 
and, ultimately, soil N availability. Additionally, soil acidification due 
to N deposition may increase the fungi to bacteria ratio because of 
the higher ability of fungi to tolerate high H+ concentration than 
bacteria due to their thick and interlinked peptidoglycan cell wall 
(Zhou et al., 2017), and thus decreasing GNM (Högberg et al., 2007). 
Hence, future studies addressing the influence of microbial commu-
nity structure on GNM will improve the confidence in the prediction 
of available soil N in response to future global changes.

5  |  CONCLUSIONS

We identified a number of direct and indirect relationships that can 
provide a framework to more accurately predict global N cycling. 

Our findings highlight the importance of MB ultimately driving GNM 
and increasing soil N availability globally. Precipitation and BD also 
play a vital role in controlling GNM globally via their direct influ-
ences as well as indirect influences via changing MB and total N. 
Moreover, our SEM suggests that soil pH and total N have indirect 
influences on GNM via altering MB. The control of MB, total C and 
total N on GNM was less in croplands and grasslands than in forests. 
The MAT also is a positive controlling factor of GNM in tropical wet 
regions, and a negative controlling factor in the Mediterranean re-
gions. Our study highlights that some of the relationships are valid 
globally but that is also ecosystem-specific should be considered. 
This framework should help to model more accurately the dynamics 
of GNM via consideration of easily available variables such MB, BD, 
MAP, and soil pH under changing climatic conditions and manage-
ment practices.
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