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• Organic amendments enhanced microbial
diversity relative to mineral fertilization.

• Organic amendments also increased mi-
crobial functionality and crop yields.

• Microbial diversity was positively corre-
lated with functionality and yield.

• Microbial diversity driven crop yields via
boosting microbial functionality.
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Fertilization plays an important role in changing soil microbial diversity,which is essential for determining crop yields.
Yet, the influence of organic amendments on microbial diversity remains uncertain, and few studies have addressed
the relative importance of microbial diversity versus other drivers of crop yields. Here, we synthesize 219 studies
worldwide and found that organic amendments significantly increased microbial diversity components
(i.e., Shannon, richness, and phylogenetic diversity) and shifted microbial community structure compared to
mineral-only fertilization. The performance of microbial alpha diversity varied substantially with organic amendment
types, microbial groups and changes in soil pH. Both microbial diversity and community structure exhibited signifi-
cantly positive relationshipswithmicrobial functionality and crop yields. In addition, soil abiotic properties andmicro-
bial functionality had a much stronger impact on crop yields than microbial diversity and climate factors. Partial least
squares path modeling showed that soil microbial diversity was an important underlying factor driving crop yields via
boosting soil microbial functionality. Overall, our findings provide robust evidence for the positive diversity-functions
relationships, emphasizing that substituting mineral fertilizers with organic amendments is a promising way to con-
serve microbial diversity and promote soil microbial functions and crop yields.
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1. Introduction

Soil microbial communities makeup to a substantial portion of earth's
biodiversity and involve in a variety of ecosystemprocesses, such as organic
matter decomposition, nutrient cycling, and plant productivity (Bender
et al., 2016; Crowther et al., 2019; Saleem et al., 2019; Xia et al., 2020).
Over the past half-century, excessive application of mineral fertilizers has
resulted in the loss of microbial diversity in agricultural soils at an unpre-
dictable rate (Xu et al., 2020a, 2020b; Zhou et al., 2020). As a substitute
for chemical fertilizers, organic amendments (e.g., livestock manure, crop
residue, compost, green manure, and their combination) are considered
as a sustainable agronomic practice because they cannot only improve
crop productivity and soil fertility but also enhance microbial biomass
and associated activities (Gravuer et al., 2019; Li et al., 2021a, 2021b; Xia
et al., 2017; Young et al., 2021). However, there are still knowledge gaps
about the response of soilmicrobial diversity to the substitution of chemical
fertilizers by organic amendments. Previous studies have shown that or-
ganic amendments may increase or decrease soil microbial diversity com-
pared to mineral fertilization (Ahn et al., 2012; Feng et al., 2018; Hu
et al., 2018a, 2018b; Xu et al., 2020a, 2020b; Yang et al., 2020). Mean-
while, the response of microbial diversity to organic amendments was af-
fected by microbial groups (Chen et al., 2016; Fan et al., 2021; Feng
et al., 2018; Guo et al., 2018; Pan et al., 2020), organic amendment types
(Chen et al., 2021; Sun et al., 2015; Ye et al., 2019), experimental condi-
tions (Li et al., 2021a, 2021b; Yang et al., 2019), and initial soil properties
(Meng et al., 2021; Ning et al., 2020). We urgently need to understand the
generalizable patterns and regulating factors of the substitutionmineral fer-
tilizers by organic amendments effect on soil microbial diversity, because
this knowledge will have important implications for conserving soil biodi-
versity and improving agricultural management practices.

Among the multiple ecosystem functions and services of agricultural eco-
systems, crop yields is the most critical for supporting human well-being
(Garland et al., 2021; Ray et al., 2012; Renard and Tilman, 2019). Under-
standing the major factors mediating crop yields under a changing environ-
ment is critical to preserve and manage agroecosystems. A growing body of
experimental and observational studies provide evidence that soil microbial
diversity plays an important role in mediating soil multiple functions and
plant productivity in natural and managed ecosystems (Bastida et al., 2016;
Delgado-Baquerizo et al., 2016; Semchenko et al., 2018; van der Heijden
et al., 2008). The role and contribution of microbial diversity for crop yields
in agricultural soils are mediated by multiple abiotic factors, which depend
on agricultural management practices and climate factors (M. Li et al.,
2021). Recent studies provide evidence that organic amendments can pro-
mote crop yields in agroecosystems in awide variety of ways, such as altering
soil abiotic factors (Li et al., 2021a, 2021b; Xia et al., 2017), improving soil
microbial activities (Luo et al., 2018a), and changing microbial diversity
and composition (Kumar et al., 2018; Liu et al., 2021a, 2021b; Ning et al.,
2020; Xiang et al., 2020). However, few studies have addressed the relative
importance of soil microbial diversity versus other drivers of crop yields
under organic amendments, such as soil abiotic properties, climate, and soil
microbial functionality. This knowledge gap limits our understanding of the
linkages between microbial diversity, crop yields and agricultural manage-
ment practices and thus hampers our ability to enhance crop yields through
targeted agricultural management practices.

Here we conducted a comprehensive meta-analysis by compiling 219
studies (687 observations) to investigate the effects of organic amendments
(herein referred to as both organic-only amendments and organic amend-
ments plus mineral fertilizers) on microbial diversity, microbial functional-
ity and crop yields compared to mineral fertilizers (Dataset1). The
objectives of this study are: 1) to investigate the impact of substituting min-
eral fertilizers with organic amendments onmicrobial diversity and commu-
nity structure; 2) to identify the potential factors of microbial diversity and
community structure responses; 3) to determine the relationship between
microbial diversity, microbial functionality and crop yields; and 4) to assess
the relative importance of microbial diversity in determining crop yields
under the substitution of mineral fertilizers by organic amendments.
2

2. Materials and methods

2.1. Data collection

An extensive literature survey was conducted through Google Scholar,
Web of Science and China National Knowledge Infrastructure databases
until March 2021 with no restriction on publication year. We searched
the literature using keywords (fertiliz* OR fertilis* OR organic amendment
OR manure OR straw OR compost OR waste OR plant residue) AND (OTU
ORDNAORmicrob*) AND (soil). The following criteria were used to select
eligible studies: 1) only field studies were selected; 2) at least one microbial
variable was documented, including microbial diversity (i.e. Shannon-
Wiener index, richness, and phylogenetic diversity) and community struc-
ture; 3) the duration of experiments was at least one years; 4) if one
paper reports a variety of independent experiments, each of themwas con-
sidered as an individual study and incorporated into our dataset as an inde-
pendent observation; and 5) if one paper contains results from various
sampling dates and soil depths, we only used the data from the latest sam-
pling time-point and the uppermost layer of soil. Our dataset collected loca-
tion (latitude and longitude), climate factor (mean annual temperature
(MAT) and mean annual precipitation (MAP)), initial soil pH and soil clay
content, land use types, organic types, experimental duration, soil abiotic
properties (i.e., pH, organic carbon (C), soil total nitrogen (N), total phos-
phorus (P)), and crop yields from the papers or their cited papers or the pa-
pers from the same experiments. The missing climatic information (i.e.
MAT and MAP) extract from www.worldclim.com with the site informa-
tion. In total, 219 peer-reviewed publications (687 observations) were in-
cluded in the meta-analysis (Fig. 1). Majority of the studies were
conducted in the temperate regions in North Hemisphere, whereas no stud-
ies were found in the continents in South Hemisphere.

2.2. Quantification of microbial functionality

Soil enzymes are good proxies of processes driving soil C, N, P cycling,
and are often used to calculate the functionality of microbial communities
(Chen et al., 2020; Han et al., 2021; Luo et al., 2018b; Zhou et al., 2020).
In this study, the soil enzymes related to soil C, N and P cyclingwere collected
including hydrolytic C-degrading enzymes (i.e. α-1,4-glucosidase (AG), β-
1,4-glucosidase (BG), β-D-cellobiosidase (CBH), and β-1, 4-xylosidase
(XYL)), oxidative C-degrading enzymes (catalase (CAT), peroxidase (PER),
and phenol oxidase (PhOx)), N-cycle enzymes (urease (URE), protease
(BBA), leucine aminopeptidase (LAP), and β-1,4-N-acetylglucosaminidase
(NAG)), and P-cycle enzymes (phosphatase (Pho)). If one paper reported
one or more types of hydrolytic C-degrading enzymes, oxidative C-
degrading enzymes, and N-cycle enzymes, their mean values were consid-
ered as the overall hydrolytic C-degrading enzymes, oxidative C-degrading
enzymes, N-cycle enzymes (Luo et al., 2018b; Zhou et al., 2020). The soil mi-
crobial functionality was represented by the mean value of all of enzymes.
Notably, microbial functionality can only reflect part of microbial functions
due to data limitation. The random-effect model was used to evaluate re-
sponse ratios of hydrolytic C-degrading enzymes, oxidative C-degrading en-
zymes, N-cycle enzymes and P-cycle enzymes, and microbial functionality
for each observation (Zhou et al., 2020).

2.3. Data analysis

The natural log of response ratio (RR) was used to evaluate the response
of target variables to substituting mineral fertilizers by organic amend-
ments. The RR was calculated according to the following equation:

RR ¼ ln Xt− ln Xc (1)

where Xt and Xc denote themean value of organic amendments andmineral
fertilizers treatment, respectively. Notably,we useΔ pH (i.e., pH (organic) –
pH (mineral)) to indicate the effects of substituting mineral fertilizers by

http://www.worldclim.com


Fig. 1. Distribution of study site in the meta-analysis. Source data are provided as a Source Data file.
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organic amendments on soil pH because the soil pH is calculated as the neg-
ative value of logarithmic H+ concentration (Zhou et al., 2020).

The ordination analysis is an important method for analyzing microbial
community. The ordination plots are considered to show the community
structure differences among treatments (Paliy and Shankar, 2016; Zhou
et al., 2020). In this study, the influence of substituting mineral fertilizers
with organic amendments on microbial community structure is considered
if the distance between mineral fertilizers and organic treatment is
significantly greater than the distance within the group. Firstly, we ex-
tracted the positions of samples on the first two ordination axes. Second,
Euclidean distances among different samples were calculated with the R
packages of ‘vegan’, including the distance within mineral fertilizers treat-
ment (Dc), that within organic amendments (Dt), and that betweenmineral
and organic amendments (Db). Third, we calculated the means, standard
deviations (SD), and sample sizes of Dc, Dt, Db, and overall Dc and Dc
(Dc + Dc), respectively. Finally, the natural log of response ratio (RR) of
microbial community structure was calculated according to the following
equation:

RRstructuce ¼ ln Db− ln Dt þ Dc (2)

where Dt, Dc, Db and Dt þ Dc denote the average values of the Dt, Dc, Db,
and Dc + Dc, respectively.

Observation's variances (ν) was calculated according to the following
equation:

ν ¼ S2t
NtX2

t
þ S2c
NcX2

c
(3)

where Nt and Nc denote the sample size of organic amendments and min-
eral fertilizers treatment, respectively; St and Sc denote the standard devia-
tions (SD) of organic amendments and mineral fertilizers treatment,
respectively.

2.4. Statistical analysis

The random-effect model computed the overall natural log of re-
sponse ratio and corresponding 95% confidence intervals of target
variables. Omnibus test (QM) was used to compare the natural log of
response ratio of target variables to organic amendments among mi-
crobial groups, organic types, land use types, experimental duration
and soil properties. In the subgroup analysis, the groups with less
than five sample sizes were excluded. The microbial groups include
fungi, bacteria, and nine specialized microbes (i.e. diazotroph, phos-
phorus mineralizer, denitrifier, nitrifier, anammox bacteria, nitrite
3

oxidizer, methanotroph, methanogen, and CO2-fixing bacteria). The
organic types include livestock manure, plant residue, green manure,
compost, waste, and their combinations. Land use types were grouped
into three categories: upland, upland-paddy and paddy. Initial soil pH
was grouped into three categories: acidic soils (≤6), neutral soils
(6–8) and alkaline soils (≥8). Soil textures were classified into four
categories: clay, loam, sandy, and clay loam. The experimental dura-
tion was categorized into according to short-term (≤10 years),
medium-term (10–30 years) and long-term (≥30 years) duration.
Substitution ratios (SR) was classified into two categories: partial (0
< SR < 100%) and full (SR = 100%) substitution based on the data
availability.

Model selection was based on the Akaike's information criterion
(AIC) corrected (Chen et al., 2018; Terrer et al., 2019). The relative
importance value for a particular predictor was equivalent to the
sum of the Akaike weights of the models in which the predictor ap-
pears. A cutoff of 0.8 is set to differentiate between important and
nonessential predictors. Five types of candidate predictors were in-
cluded in our model selection analysis, i.e., 1) experimental condi-
tions, including organic types and experimental duration; 2) climate
factors, including MAT and MAP; 3) microbial groups; 4) land use
types; and 5) changes in edaphic variables, including changes in soil
pH, the log of response ratio of soil organic carbon, and total nitrogen.
For microbial community structure, the absolute values of changes in
soil pH, the log of response ratio of soil organic carbon, and the total
nitrogen were used in the model selection analysis.

In addition, we evaluated the relative importance of the predictors
under consideration as drivers of crop yields using multiple regression
models (Gross et al., 2017; Sirami et al., 2019). The model includes
the following variables: climate factors (MAT and MAP), soil proper-
ties (changes in pH, SOC, TN, and TP), microbial diversity (microbial
Shannon index), and microbial functionality. We calculated the rela-
tive effect of the parameter estimates for each of the predictors
compared with the effect of all parameter estimates in the model. No-
tably, all predictors and response variables were standardized before
analyses using the Z-core to interpret parameter estimates on a compa-
rable scale. A partial least squares path modeling (PLS-PM) was used
to explore the direct, indirect, and interactive relationships between
various variables for the response ratio (RR) of crop yields. The net in-
fluence of one variable on another was computed by synthesizing all
direct and indirect pathways between the two variables. The model
is assessed using the Goodness of Fit statistics. The estimates of path
coefficients and the coefficients of determination (R2) were calculated
with the R packages of ‘plspm’. All data analysis was performed in R
4.0.2.
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3. Results and discussion

3.1. Organic amendments pose positive effect on microbial diversity

Based on the quantitative synthesis of 219 studies, we conducted a com-
prehensive response pattern of soil microbial diversity and community
structure to organic amendments. We found that the microbial Shannon,
richness, and phylogenetic diversity were significantly increased by 3.0%,
10.2% and 6.7%, respectively, under organic amendments than in the
mineral-only fertilization (P< 0.05) (Fig. 2a, b and c). This result suggested
that organic amendments show a promising potential as an alternative to
Fig. 2. The effect of organic amendments and mineral-only fertilization on microbial d
types, initial soil properties, and experimental duration. (a) Microbial Shannon index
community structure. Weighted means and their 95% confidence intervals of response
the sample sizes. The significances of microbial groups, organic types, land use types, in
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mineral fertilizers to preserve soilmicrobial diversity in agricultural ecosys-
tems. The natural log of response ratios (RRs) of community structure were
greater than zero, indicating that organic amendments could significantly
shape soil microbial community structure (Fig. 2d).

3.2. Factors regulating responses of microbial diversity to organic amendments

The subgroup analysis indicated that the performance of microbial
diversity varied substantially depending on organic amendment types
(P < 0.05) (Fig. 2a, b). Indeed, there is large heterogeneity in the
characteristics of different organic amendments, which makes the
iversity and community structure across microbial groups, organic types, land use
. (b) Microbial richness index. (c) Microbial phylogenetic diversity. (d) Microbial
ratio are given. The numbers at the right side of the confidence intervals represent
itial soil properties, and experimental duration are tested by the omnibus test (QM).
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application of these amendments have various effects on the living envi-
ronment of soil microorganisms (Bao et al., 2020; Xu et al., 2017a,
2017b; Ye et al., 2019). Compared to mineral-only fertilization, organic
amendments increased the alpha diversity of soil bacteria and special-
ized microbe, but had no significant effect on fungal richness (Fig. 2a,
b). We further split the data by organic amendment types, finding that
the aforementioned patterns of organic amendments' effects on the di-
versity of different microbial groups are largely maintained (Fig. S1a,
b). These results were consistent with recent meta-analysis, indicating
that soil bacteria are more sensitive to soil environment changes caused
by agricultural practices than fungi (Bebber and Richards, 2020; Li
et al., 2020). An interesting finding was that compost application signif-
icantly decreased the fungal Shannon index (Fig. S1a). However, this
may not represent a negative result. In fact, previous studies have
shown that compost application significantly reduces soil fungal
Fig. 3. Contributors to response of microbial diversity and community structure to organ
(RRs) of Shannon index. (b) Model-averaged importance of the predictors for response ra
ratios (RRs) of phylogenetic diversity. (d)Model-averaged importance of the predictors f
of Akaike weights derived from the model selection using Akaike's information criter
differentiate between important and on-essential predictors. RR: response ratio, Abs: a
duration, MAT: mean annual temperature, MAP: mean annual precipitation.
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diversity mainly due to its ability to suppress the growth of animal
and plant pathogens or enhance competition between fungal species
(Vida et al., 2020; Yang et al., 2020).

The model selection analysis indicated that the soil pH changed by or-
ganic amendmentswas themost important predictor formicrobial richness,
phylogenetic diversity and community structure among the potential fac-
tors examined, such as organic amendment types, climates, experimental
duration, and soil C and N contents (Fig. 3b, c and d) (Dai et al., 2019;
Meng et al., 2021). Meanwhile, the changes in pH also significantly ex-
plained variation in the response of microbial Shannon to organic amend-
ments (Fig. 3a). The predominant role of soil pH in our meta-synthesis
was consistent with previous studies at local sites and large spatial regions
(Bahram et al., 2018; Delgado-Baquerizo et al., 2018; Karimi et al., 2018;
Zheng et al., 2019).Moreover, we found that both RRs of bacterial diversity
and specialized microbial diversity were significantly and positively
ic amendments. (a) Model-averaged importance of the predictors for response ratios
tios (RRs) of richness. (c) Model-averaged importance of the predictors for response
or response ratios (RRs) of community structure. The importance is based on the sum
ia (AIC) corrected for small samples. A cutoff of 0.8 (the red dashed line) is set to
bsolute value, SOC: soil organic carbon, TN: total nitrogen, Duration: experimental



Fig. 4. Coordinated changes between soil pH and microbial diversity. (a) Linear relationships between changes in soil pH and RR of Shannon index. (b) Linear relationships
between changes in soil pH and response ratio (RR) of richness. (c) Linear relationships between changes in soil pH and response ratio (RR) of phylogenetic diversity.
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correlated with changes in pH, whereas RRs of fungal alpha diversity were
insignificantly correlated with changes in pH (Fig. 4a, b). This result might
be due to relatively narrow optimal pH range for bacterial/specialized mi-
crobial growth but wide pH ranges for fungal growth (Rousk et al., 2010).
Notably, we observed that RRs of fungal Shannon were negatively corre-
lated to RRs of SOC (Figs. S2 and S3). This result may be due to the follow-
ing two reasons. One is that carbon enrichment under organic amendments
may disturb the adaptation of some fungal taxa with host plants and reduce
the below-ground C allocation and thus reduce fungal diversity (Vida et al.,
2020). With regard to the second reason, the accumulation of SOC under
organic amendments may promote changes in the biological properties of
soils, causing the competition among fungal species (Pec et al., 2021; Sun
et al., 2020). This, in turn, may lead to a loss of some fungal species and
dominance of certain fungal species.

Mean annual temperature (MAT) was an important environmental fac-
tor in affecting the response ratio of microbial Shannon index to organic
amendments (Fig. S2). RRs of microbial Shannon indexwere positively cor-
related with MAT (Fig. S3), which might be attributed to the fact that high
mean annual temperature can increase the availability of nutrients for mi-
crobial growth via accelerating the decomposition of organic materials,
and consequently enhancing the microbial diversity (Guo et al., 2019; C.
Liu et al., 2021).

The substation ratio was an important factor that affects the response of
soil properties and crop yields to organic amendments (Xia et al., 2017). In
this study, we found that the response of microbial Shannon index to or-
ganic amendments was not statistically different between the full substitu-
tion and partial substitution ratio (P > 0.05) (Fig. S4). However, RRs of
microbial richness and community structure at full substitution were signif-
icantly higher than at partial substitution (P < 0.05). One possible explana-
tion was that full substitution of mineral fertilizer by organic amendments
can more effectively alleviate chemical fertilization-induced soil acidifica-
tion relative to the partial substitution (Bebber and Richards, 2020; Liu
et al., 2021a, 2021b).

Furthermore, the responses of soil microbial Shannon index, phyloge-
netic diversity, and bacterial and specialized microbial Shannon index to
organic amendments significantly varied with initial soil pH (Figs. 2a, c
and S5a, c). Themean response ratio of these indicators was higher in acidic
soil, possibly due to the liming effects of organic amendments that can de-
crease the physiological constraint on soil microbial communities (Chen
et al., 2019). In addition, organic amendments showed a positive effect
on bacterial alpha diversity in clay texture soils (Fig. S5a, d), which might
be contributed to high clay content favoring microbial growth through
larger aggregates, greater water holding capacity, and enhanced nutrient
retention (Stefan et al., 2021).
6

3.3. Positive relationships between microbial diversity and microbial
functionality

Compared to mineral-only fertilization, Organic amendments sig-
nificantly increased overall microbial functionality (Fig. S6b). Impor-
tantly, RRs of microbial diversity were positively correlated with RRs
of microbial functionality, MBC and most individual functions (P <
0.05) (Figs. 5, S7 and S8). These results were consistent with previous
studies, finding that higher microbial diversity can promote greater
performance in soil microbial functions due to the potentially high
functional redundancy of soil microbial communities (Delgado-
Baquerizo et al., 2017; Maron et al., 2018; Wagg et al., 2019). Mean-
while, we observed that RRs of community structure also positively
correlated with RRs of microbial functionality (P < 0.05) (Fig. 5d).
The interpretation was that organic amendments might enhance the
abundance of some specific microbial taxa which have strong effect
on soil microbial functions (Chen et al., 2020; Fan et al., 2021). For
different microbial groups, we found a stronger positive relationship
between microbial functionality and the diversity and community
structure of bacteria than that of fungi (Fig. 5). The possible interpre-
tation was that bacteria had a faster growth and turnover rate than
fungi, and thus bacterial diversity may have a predominant effect on
soil microbial functionality under organic amendments (Ai et al.,
2018; Guo et al., 2018).

3.4. Microbial diversity determine crop yields via boosting functionality

Current consensus accepts that soil microbes play critical roles in
mediating plant productivity and quality in agroecosystems (Garland
et al., 2021). In this study, organic amendments significantly increased
crop yields relative to mineral-only fertilization (Fig. S6a). Meanwhile,
RRs of crop yields were positively correlated to RRs of microbial diver-
sity and RRs of community structure (Fig. 5e, f, g and h). This result can
be explained by the following mechanism. On the one hand, soils with
high microbial diversity may accelerate the turnover rate of nutrients,
as supported by our findings of direct and positive correlations between
microbial diversity and microbial functionality, which implied that mi-
crobial diversity facilitated more nutrients for plant growth and that
there was less competition from microbes (Fan et al., 2021). On the
other hand, high microbial diversity may confer protection against
soil-borne diseases, and ultimately increased plant productivity (Vida
et al., 2020; Yang et al., 2020). Apart from microbial diversity, soil mi-
crobial community structure may also play a critical role in mediating
crop yields, corroborating the strong correlations between RRs of



Fig. 5. Coordinated changes between microbial traits and microbial functionality and crop yields under organic amendments. (a–d) Linear relationships between response
ratio (RR) of functionality and RR of microbial diversity and community structure. (e–h) Linear relationships between response ratio (RR) of crop yields and response ratio
(RR) ofmicrobial diversity and community structure. The absolute value is used because we assume that great change inmicrobial community structurewould result in great
change (both increase or decrease) in functionality and the community structure cannot be quantified as increasing or decreasing.

Fig. 6. Effect of biotic and abiotic factors on crop yields under organic amendments. (a) Average parameter estimates (standard regression coefficients) of model predictors,
associated 95% confidence intervals and relative effect of each factor, expressed as the percentage of explained variance. The adjusted (adj.) R2 of the averagedmodel and the
P value of each predictor are given as: ⁎ P < 0.05; ⁎⁎ P < 0.01; ⁎⁎⁎ P < 0.001. (b) PLS-PM for crop yields. Each box represents an observed variable or latent variable. The
loading for soil properties and climate factors that create the latent variables are shown in the dashed rectangle. Path coefficients and coefficients of determination (R2)
are calculated after 999 bootstraps. Path coefficients reflected in the width of the arrow, with red and blue indicating positive and negative effects, respectively. Dashed
arrows show that coefficients did not differ significantly from 0 (P < 0.05).

X. Shu et al. Science of the Total Environment 829 (2022) 154627
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bacterial/fungal/specialized microbial community structure and RRs of
crop yields observed here. The interpretation was that organic amend-
ments may lead to a higher relative abundance and diversity of keystone
species such as nitrogen fixers and growth-promoting microbes (Fig. S9).
These beneficial microorganisms can enhance plant defense and nutrient
uptake capacity, and finally promote food productivity (Fan et al., 2021).

We conducted multiple regression model and PLS-PM analysis to deter-
mine the role and relative importance of soil microbial diversity versus
other drivers of crop yields. Multiple regression modeling indicated that soil
properties, microbial functionality, microbial diversity and climate metrics
were responsible for 61.2%, 35.4%, 2.0% and 1.4% of the explained variance
in crop yields, respectively (Fig. 6a). Meanwhile, PLS-PM analysis showed
that both microbial functionality (λ = 0.26, P < 0.05) and soil properties
(λ=0.62, P < 0.05) had a positive effect on crop yields (Fig. 6b). This result
could be partly due to supply of available nutrient and energy that can be
used by plant growth (Luo et al., 2018a). We found that microbial diversity
had direct and indirect positive effect on crop yields via microbial functional-
ity. Indeed, a recent study revealed that crop yields under fertilization are
mainly directly regulated by the diversity of key-stone taxa, rather than the
overall microbial diversity (Fan et al., 2021). Overall, these findings sug-
gested that soil fertility, soil microbial diversity, and microbial functionality
jointly mediated the positive response of crop yields to substituting mineral
fertilizers by organic amendments.

3.5. Limitations and look forward

In this study, our results provide evidence that substituting mineral fer-
tilizers by organic amendments had positive effects on soil microbial diver-
sity and crop yields. Yet, it is worth noting that some organic amendments
(e.g. manure, sewage sludge, and solid waste) can induce the distribution
and spread of antibiotic resistance genes and the accumulation of heavy
metals in soils (Tang et al., 2015; Wan et al., 2020; Xia et al., 2017). In the
future, how to control these negative effects caused by the application of or-
ganic amendments still needs further investigation. In addition, most sam-
pling sites of our meta-analysis are located in Asia and Europe, while few
studies are available in other regions such as Africa and South America. In
this case, bias is expected to be eliminated by conducting more future re-
search in those missing areas, which are the mosaics that build an increas-
ingly obvious picture of the response of microbial diversity to substituting
mineral fertilizers with organic amendments from a global perspective.
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