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ABSTRACT 6 

Organic agriculture, employing manures or composts, has been proposed as a way of mitigating 7 

undesirable impacts of mineral fertilizer use. Of particular interest is the effect of fertilizer regime on 8 

soil microbes, which are key to nutrient cycling, plant health and soil structure. However, the effect of 9 

fertilizers on soil microbial diversity remains poorly understood. Since biological diversity is an 10 

important determinant of ecosystem function and a fundamental metric in community ecology, the 11 

effects of fertilizer regimes on soil microbial diversity are of theoretical and applied interest. Here, we 12 

conduct a meta-analysis of 37 studies reporting microbial diversity metrics in mineral fertilized (NPK), 13 

organically fertilized (ORG) and unfertilized control (CON) soils. Of these studies, 32 reported 14 

taxonomic diversity derived from sequencing, gradient gel electrophoresis, or RFLP. Functional 15 

diversity, derived from Biolog EcoplateTM measures of carbon substrate metabolism, was reported in 8 16 

studies, with 3 studies reporting both diversity metrics. Bacterial and archaeal diversity was reported in 17 

28 taxonomic studies, and fungal diversity in 8 taxonomic studies. We found that functional diversity 18 

was 2.8 % greater in NPK compared with CON, 7.0 % greater in ORG vs CON, and 3.8 % greater in 19 

ORG vs NPK. Bacterial and archaeal taxonomic diversity was not significantly different between NPK 20 

and CON, but on average 2.9% greater in ORG vs CON, and 2.4 % greater in ORG vs. NPK. Fungal 21 

taxonomic diversity was not significantly different between any treatment pairs. There was very high 22 

residual heterogeneity in all meta-analyses of soil diversity, suggesting that a large amount of further 23 

research is required to fully understand the influence of fertilizer regimes on microbial diversity and 24 

ecosystem function. 25 
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INTRODUCTION 27 

Diversity plays a key role in the resilience and adaptability of complex systems (Page, 2011), and 28 

biological diversity has been central to understanding of the structure and function of ecological 29 

communities (Ricklefs and Schluter, 1994). Human activities are rapidly eroding global biodiversity 30 

(Ceballos et al., 2015), hence understanding how human activities influence diversity and how negative 31 

impacts can be avoided is an important goal of applied ecology (Rudd et al., 2011; Sutherland et al., 32 

2006). Recent advances in environmental DNA sequencing and metabarcoding have revealed enormous 33 

and unexpected microbial diversity in all habitats, particularly soils (Lloyd et al., 2018; Thompson et 34 

al., 2017). Given the fundamental importance of soils in terrestrial ecosystems, agriculture and food 35 

security, there is growing interest in the role of microbial diversity in processes such as nutrient cycling 36 

(Delgado-Baquerizo et al., 2016), and how soil diversity can be managed for maintenance of ecosystem 37 

services (Lemanceau et al., 2015). Soil health, the capacity of soils to function as a living system and 38 

sustain and promote plant and animal communities, is linked to microbial diversity (Kibblewhite et al., 39 

2008; van Bruggen et al., 2019). Microbial diversity is correlated with soil ecosystem multifunctionality 40 

including plant productivity, microbial biomass, availability of nitrate, ammonium and phosphorus, and 41 

nitrogen mineralisation rates (Delgado-Baquerizo et al., 2016). In agriculture, soil microbes are critical 42 

to desirable functions such as nutrient cycling, carbon storage, erosion control via soil aggregation, and 43 

disease suppression (Mazzola, 2004; Rillig et al., 2002; Sahu et al., 2017). A large fraction of the 44 

world’s agricultural soils are in poor and deteriorating condition largely due to agricultural activities 45 

(Wuepper et al., 2020). Therefore, understanding how to manage soils for microbial diversity could 46 

help to prevent further deterioration. 47 

Modern intensive, or conventional, agricultural methods, including application of mineral and chemical 48 

fertilisers, regular tillage, and use of synthetic pesticides and herbicides, aim to increase soil nutrition 49 

and suppress harmful species to produce higher crop yields, but these methods are environmentally 50 

damaging (Reganold and Wachter, 2016). For example, growing pressure on agricultural land has 51 

resulted in soil nutrient depletion and soil erosion (Wuepper et al., 2020). Mineral fertilizers supply 52 

nitrogen (N) as ammonium nitrate or urea, phosphorus (P) and potassium (K), with around 100 Tg N 53 
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applied globally each year (FAO, 2020). Typically less than half the N applied is taken up by crops, the 54 

remainder contributing to water pollution and the release of NOX greenhouse gases (Zhang et al., 2015). 55 

Organic agriculture, which applies manure- or compost-based fertilizers and soil conditioners and does 56 

not employ chemical pest controls (with certain exceptions), has been proposed as a means of both 57 

increasing soil nutrition and reducing environmental impacts (Luo et al., 2018; Reganold and Wachter, 58 

2016), but evidence for organic benefits remains equivocal. For example, eutrophication potential 59 

appears greater in many organic than conventional crop systems (Clark and Tilman, 2017) 60 

Soils are exceedingly complex and biologically-diverse ecosystems, varying in physico-chemical and 61 

biological composition across spatial scales (Howe et al., 2014; Thompson et al., 2017). Meta-analyses 62 

of multiple individual studies can reveal general trends and patterns in this complexity and determine 63 

the effects of management interventions. For example, meta-analysis of observational data suggest that 64 

biological richness (measured by DNA sequences) is greatest at neutral pH and at a mean temperature 65 

of 10 °C (Thompson et al., 2017). Meta-analysis of experimental studies suggests that pH has the 66 

greatest influence on soil microbial diversity among global change factors, alpha diversity rising with 67 

pH; that nitrogen and NPK have negative or non-significant effects on alpha diversity depending on 68 

microbial group, with significant negative influences of N alone on diversity in agricultural soils; that 69 

soil functionality, defined as the range of biogeochemical processes carried out by soils, increases with 70 

N and NPK; and that changes in diversity are negatively correlated with changes in functionality, 71 

perhaps due to functional redundancy (Zhou et al., 2020). Other meta-analyses have demonstrated that 72 

microbial diversity (Venter et al., 2016) and biomass (McDaniel et al., 2014) increase in crop rotations 73 

compared with monocultures. A meta-analysis of experimental studies showed that organic agriculture 74 

greatly increases microbial biomass carbon, microbial biomass nitrogen, and enzymatic activity 75 

compared with conventional systems (Lori et al., 2017). Another meta-analysis found that organic 76 

amendments increase crop yields by supporting soil microbial activity, but this did not investigate 77 

effects on soil microbial diversity (Luo et al., 2018). A small meta-analysis found no significant effect 78 

of organic agriculture on soil organism diversity, but this only included five studies and occurred before 79 

widespread use of sequencing to soil microbial diversity (Bengtsson et al., 2005). However, despite 80 
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growing application of sequencing technologies in microbial ecology, the effects of organic and mineral 81 

fertilizers on measures of soil microbial diversity remain unsynthesized. 82 

Here, we conduct a meta-analysis quantifying the effects of organic fertilizers (manures and manure 83 

composts) and mineral fertilizers (NPK) on soil microbial diversity, in comparison with unfertilized 84 

controls. We compare results for taxonomic and functional diversity, and investigate the influence of 85 

factors such as soil chemistry and duration of organic treatment on these effects. We hypothesise that 86 

organic inputs will increase microbial diversity as compared to mineral fertilizer inputs, based on the 87 

observation that organic fertilizers increase microbial biomass and enzymatic activity compared with 88 

NPK (Lori et al., 2017). Ecological theory and observational data suggest that soil microbial diversity 89 

has a hump-shaped relationship with microbial biomass, with fungal and bacterial diversity increasing 90 

with biomass for all but the highest biomass levels (Bastida et al., 2021).  91 

 92 

  93 
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MATERIALS AND METHODS 94 

Criteria for meta-analysis 95 

We used meta-analysis to test for differences in soil microbial functional (Hfun) and taxonomic (Htax) 96 

diversity between soils treated with manure-based organic fertilizer (ORG), mineral fertilizer (NPK) 97 

and control (CON). Here, Htax is defined as Shannon’s diversity index calculated from the relative 98 

abundance of species, operational taxonomic units (OTUs) or amplicon sequence variants (ASVs; 99 

Callahan et al., 2017) in a sample. Shannon’s diversity index was reported in all valid studies, hence 100 

we do not consider any other diversity indices (e.g. Simpson’s) that were reported additionally in a 101 

small number of studies (e.g. Ma et al., 2018). Hfun is defined as Shannon’s diversity calculated from 102 

the relative conversion rates of various carbon sources in Biolog Ecoplates (e.g. Ros et al., 2006). We 103 

conducted a literature search using combinations of the terms ‘soil’, ‘organic’, ‘agriculture’, 104 

‘microbial’, ‘diversity’, ‘bacteria*’, ‘fung*’, ‘communit*’, ‘fertilizer’, ‘manure’ and ‘compost’ (where 105 

* indicates a wildcard search, where appropriate) on Google Scholar, Scopus and Web of Science 106 

between June 2021 and October 2021. Additionally, the reference lists of the papers were browsed to 107 

find potentially appropriate studies which were not identified during the online literature search. All 108 

potentially appropriate papers identified for the meta-analysis came from peer-reviewed journals. 109 

Papers were considered eligible for the analysis if they met the following criteria, adapted from Lori et 110 

al. (2017): Comparisons of the farming systems should be pairwise, meaning the organic- and mineral-111 

fertilised treatments were subject to the same climatic conditions before and during sampling; The 112 

organic treatment must have been applied for a minimum of two consecutive years prior to soil 113 

sampling, and the treatments must be defined by the study; Results must report the mean Shannon 114 

diversity index (H) per treatment, uncertainty of the mean (either standard error of the mean or standard 115 

deviation of the sample distribution) and sample size (n); experiments were conducted in open fields or 116 

under cover, not in pots or containers; the study must have been published no earlier than the year 2000 117 

because of the lack of comparable methods before this date; the mineral and organic treatments must 118 

be clearly described (description of fertilizer, application rate). Non-manure organic fertilizers were not 119 
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included (e.g. Wang et al., 2016). We only included experimental studies in which the only variable 120 

was fertilizer treatment, and NPK and organic treatments were applied. If there were several different 121 

organic or conventional treatments within the same study, all appropriate combinations were reported 122 

and treated as individual comparisons but with non-independent errors (see meta-analysis methods). 123 

Results of combination treatments (e.g. manure plus NPK fertilizer) were not included (e.g. Zhao et al., 124 

2014).  125 

For all valid studies, we extracted mean, SE or SD, and sample size for H, for control, NPK and organic 126 

treatments. Where SE was reported, this was converted to SD by multiplying by the square root of 127 

sample size. When data were presented in graphical form, we extracted means and errors using the 128 

online tool WebPlotDigitalizer (https://automeris.io/WebPlotDigitizer/). Additionally we abstracted the 129 

following variables: study location; reported soil type, duration of organic treatment, organic treatment 130 

type (i.e. source of manure), organic treatment application rate (mass per hectare per year or equivalent 131 

nitrogen mass per hectare per year); mineral fertilizer application rate (nitrogen mass per hectare per 132 

year); crops grown; taxonomic group of microbes analysed (e.g. all, bacteria, fungi); median soil depth 133 

sampled (usually the mid-point of the range of depths sampled); brief summary of the methodology 134 

used (e.g. 16S sequencing, 16S DGGE, Biolog Ecoplate). Where reported, we abstracted mean and SE 135 

of soil pH, and mean and SE of available soil nitrogen content (mg kg-1) which was often reported as 136 

the concentration of ammonium and nitrate. 137 

Meta-analysis 138 

Meta-analysis was conducted using the metafor package v. 2.4-0 for R v. 4.0.2 (Viechtbauer, 2010). 139 

Effect size was calculated as the log-transformed ratio of means, log(yexp/ycon) where yexp and ycon are 140 

the means of the experimental treatment and control, respectively (Hedges et al., 1999). There was at 141 

least one pairwise comparison of H in each study. However, several studies reported data from more 142 

than one pairwise comparison, with multiple organic and/or conventional fertilisation treatments 143 

investigated. In addition, several studies were conducted at the same research site. We fitted multi-level 144 

random- and mixed-effects (i.e. testing for the effects of moderator variables) models by restricted 145 
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maximum likelihood, with random intercepts per location. Other similar meta-analyses have ignored 146 

potential non-independence among results from the same study or location and treated each reported 147 

mean as an independent replicate (e.g. Lori et al., 2017). Standard errors and confidence limits for 148 

parameters were estimated from the t–distribution. We report the I2 statistic and Q-test for heterogeneity 149 

(Higgins and Thompson, 2002), and provide funnel plots rank correlation tests for funnel plot 150 

asymmetry (Viechtbauer, 2010).  151 

 152 

RESULTS 153 

We abstracted data from 37 studies which met our requirements (Table S1). Our search criteria provided 154 

a long-list of 267 studies, of which 199 were rejected on the basis of the abstract, leaving a shortlist of 155 

68. A further 31 were rejected after detailed reading of the full text. Reasons for the rejection of studies 156 

included: no reporting of diversity metrics (e.g. reporting of species richness); no or unclear reporting 157 

of standard error or standard deviation for diversity metrics; no manure used in organic treatment; no 158 

organic treatment alone (e.g. manure only applied in combination with NPK); no NPK treatment; no 159 

experimental treatments (e.g. comparison of different farms under organic and conventional 160 

treatments); lack of detail in description of treatment types or levels. 161 

Around half (21) of the included studies reported one set of comparisons, with either or both of 162 

unfertilized control (CON) and mineral fertilizer (NPK), 10 reported two comparisons, and five studies 163 

reported up to six comparisons, giving 65 comparisons in total. The majority of treatments were 164 

replicated three or four times. The functional diversity studies, and a single study reporting soil dilution 165 

plate assays (Mahanta et al., 2017), did not differentiate between fungi, bacteria and archaea. The single 166 

soil dilution plate assay was omitted from the meta-analysis due to the low sensitivity of the method 167 

and is not considered further here. In that study, poultry manure treatment resulted in significantly 168 

greater microbial diversity than inorganic fertilizer treatment (Mahanta et al., 2017). In the taxonomic 169 

diversity studies, bacteria were the most commonly analysed group (26 studies, including one of 170 

actinomycetes only, one of bacteria and archaea, and one of nitrogen-fixing bacteria), followed by fungi 171 
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(8 studies, including one of arbuscular mycorrhizal fungi only). Most studies were conducted in China 172 

(24), followed by India (6), with single studies from Austria, Canada, Denmark, Kenya, Korea, the 173 

Netherlands, and the USA. 174 

Soil types were not reported according to any standard taxonomy. Soils were sampled to a median depth 175 

of up to 15 cm (median 10.0 cm, IQR 7.5 - 10.0 cm). Soil nitrogen content in unfertilized plots was 176 

reported in 16 studies (mean mg N kg-1 median 36.3, IQR 27.7 – 86.3). Manure-based organic fertilizers 177 

were applied in all studies, derived variously from cattle, pigs, poultry, horses, sheep, or mixtures of 178 

these. Composted manures were employed in 9 studies, fresh manures in 26 studies, and one study 179 

employed a mix. A small number of studies reported more than one manure treatment or level (X. Hu 180 

et al., 2018; Liu et al., 2019; Mahanta et al., 2017). Application rates were reported as either total mass 181 

per area per year (30 studies, median 16.8 t ha-1 y-1, IQR 5.1 – 19.6 t ha-1 y-1) and/or as nitrogen addition 182 

(18 studies, median 103.3 kg ha-1 y-1, IQR 75.0 – 223.8 kg ha-1 y-1). We did not attempt to estimate 183 

nitrogen content in manures where this was not reported, due to the large vari ability in the nitrogen 184 

fraction among different treatments. The reported nitrogen fraction varied from 0.4 % in horse manure 185 

to 2.7 % in pig manure, with overall median 1.0 % (IQR 0.7 – 2.0 %) among the treatments reported in 186 

the studies. The level of nitrogen in the manure treatment was similar to that in corresponding NPK 187 

fertilizer treatments, where reported (absolute percentage difference median 0.1 %, IQR 0.0 – 29.9 %). 188 

The duration of organic treatment was right-skewed, but many studies reported treatment periods of 189 

several decades (median 22 y, IQR 13 – 34 y). A variety of crops were grown, either as monocultures 190 

or in mixtures, the most common being maize (12 studies), wheat (10 studies), and rice (6 studies). Soil 191 

pH in unfertilized plots was reported in 18 studies (mean pH median 6.4, interquartile range 5.9 - 7.5). 192 

Meta-regression showed that soil pH declined under NPK treatment compared to control soil (Fig. S1a). 193 

Manure-based fertilizers increased pH in acid soils and reduced pH in alkaline soils (Fig. S1b). Funnel 194 

plots showed no asymmetry (Fig. S2). There was a large degree of residual heterogeneity in the meta-195 

analyses of soil pH (Table S2). 196 

Hfun was reported by 8 studies, all employing Biolog Ecoplates (Table S1). Hfun varied between 1.12 and 197 

4.61 with values in three clusters comprising a single study from Austria with Hfun ~ 1.2, four studies 198 
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from China and one from India with Hfun ~ 2.9, and two studies from India with Hfun ~ 4.5 (Fig. 1a-c). 199 

Hfun increased by an average of 2.8 % in NPK vs. CON, 7.0 % in ORG vs. CON, and 3.8 % in ORG vs. 200 

NPK (Fig. 2, Table 1). We found no influence of the duration of organic amendment on the change in 201 

Hfun compared with control (LRM change per year of organic treatment -0.0008 ± 0.0013 y-1, t = -0.58, 202 

p = 0.56) or NPK (0.0006 ± 0.0007 y-1, t = 0.84, p = 0.40) treatments. We found no effect of the level 203 

of NPK addition relative to control (-0.0013 ± 0.0009, t = -1.42, p = 0.15), nor of level of organic 204 

fertilizer addition quantity (0.0000 ± 0.0000, t = -0.35, p = 0.72) or nitrogen equivalent relative to 205 

control (0.0001 ± 0.0005, t = 0.18, p = 0.86). We found marginally-significant effect of control soil pH 206 

on the effect size of ORG vs. CON (-0.057 ± 0.018, t = -3.2, df = 2, p = 0.088), but not of soil pH on 207 

NPK vs. CON (0.0055 ± 0.0432, t = 0.128, df = 2, p = 0.91). Funnel plots did not exhibit significant 208 

asymmetry (Fig. S3). There was a large degree of residual heterogeneity in all meta-analyses of Hfun (I2 209 

> 75 %, Table S2). 210 

Htax was reported in 31 studies, employing DNA amplicon sequencing (21 studies), various forms of 211 

gradient gel electrophoresis (9 studies), and T-RFLP (1 study). Htax tended to be higher in bacteria and 212 

archaea (hereafter, prokaryotes) than fungi, and in sequencing compared with DGGE methods (Fig. 1d-213 

f). Median Htax for prokaryotes was 6.40 using sequencing and 2.63 using DGGE, in controls. Median 214 

Htax for fungi was 3.95 using sequencing and 1.62 using DGGE, in controls. Htax of NPK-fertilized soils 215 

did not differ from control for prokaryotes or fungi (Fig. 3, Table 2). Htax of prokaryotes was 216 

significantly greater in ORG soils than both NPK and CON (Fig. 3, Table 2). There was no significant 217 

difference in fungal Htax between ORG and CON or NPK (Fig. 3, Table 2). Funnel plots did not exhibit 218 

significant asymmetry (Fig. S4). There was a large degree of residual heterogeneity in meta-analyses 219 

of Htax (I2 > 95 %, Table S2). 220 

 221 

DISCUSSION 222 

We found significant, but varying, effects of both NPK and organic fertilizers on soil microbe 223 

taxonomic and functional diversity. Taxonomic diversity in organic treatments compared with NPK 224 
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was greater for prokaryotes but not significantly different for fungi. We found no significant difference 225 

in taxonomic diversity between NPK and control. Functional diversity was significantly greater in NPK 226 

compared with control, and in organic treatment compared with NPK. However, the diversity 227 

differences we found were small, indicating that choice of fertilization has marginal effects on this 228 

measure of soil microbial community structure. A quantitative review on the effects of fertilizers on 229 

soil fungal diversity found that mineral fertilizers tended to reduce diversity while organic fertilizers 230 

had no significant effect (Ye et al., 2020), although the analysis did not consider sample sizes or 231 

variances of study data and so the findings are difficult to interpret. 232 

A large meta-analysis of the impacts of global change factors found that N addition alone significantly 233 

reduced soil bacterial but not fungal Shannon diversity, particularly in agricultural systems (Zhou et al., 234 

2020). The same meta-analysis did not detect significant effects of NPK overall, but the effects of 235 

organic fertilizers were not investigated. The most important moderator was found to be pH, which 236 

strongly controlled the response ratio of diversity in response to global change factors. In line with our 237 

findings, N and NPK treatments were found to reduce pH. In contrast, we found a buffering effect of 238 

manure fertilizers on soil pH, as reported in earlier studies (reviewed in Köninger et al., 2021). This 239 

buffering effect, along with nutrient and organic matter content, are considered the main benefits of 240 

manure fertilizers for soil biodiversity (Köninger et al., 2021). 241 

Several factors must be considered when interpreting the effects of fertilizers on soil microbial 242 

functional and taxonomic diversity (Fig. 4). First, while in many studies the amount of nitrogen applied 243 

in organic and NPK treatments was similar, farmyard manure is far more physically, chemically and 244 

biologically complex. In addition to NPK, manures contain undigested plant matter (lignin, cellulose, 245 

hemicellulose), lipids, carbohydrates, proteins, and nutritive elements (e.g. magnesium, iron, 246 

manganese, zinc, copper) (Levi-Minzi et al., 1986). If structural complexity and heterogeneity are 247 

enhanced by the addition of organic matter across spatial scales (Lehmann et al., 2008), this could in 248 

itself increase microbial diversity through provision of ecospace (Vos et al., 2013). Provision of 249 

additional energy (organic carbon) and micronutrients in manures could sustain a greater diversity of 250 

microbes via the species-energy hypothesis which predicts that more species can be sustained in 251 
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ecosystems supporting more individuals (Clarke and Gaston, 2006), since manure increases soil 252 

microbial biomass more than NPK (Lori et al., 2017). However, one potential risk of manure fertilizers 253 

is that high concentrations of heavy metals such as zinc and copper can lead to soil accumulation and 254 

reductions in microbial diversity (Köninger et al., 2021). 255 

Second, microbial communities may be indirectly influenced by changes in crop plants. While organic 256 

agriculture tends to be less productive in terms of crop yields (de Ponti et al., 2012; Hijbeek et al., 257 

2017), there is some evidence that root development is greater in organic farming (T. Hu et al., 2018). 258 

Plant rhizospheres tend to harbour the greatest microbial diversity of all terrestrial ecosystems 259 

(Thompson et al., 2017), hence it is possible that enhanced root development and exudation of organic 260 

compounds influence the soil diversity measured in these studies. Third, there is the gut microbial 261 

community residing within the manure itself. Both fresh and composted manures have high fungal and 262 

prokaryote diversity, with community composition changing as composting proceeds (Meng et al., 263 

2019). Composting can reduce the presence of undesirable microbes in manure, for example those 264 

carrying antimicrobial resistance genes (Gou et al., 2018), but gut microbes (including human 265 

pathogens) can survive for long periods in compost-amended soils (Sharma and Reynnells, 2016). 266 

Hence, increased soil microbial diversity in organic systems may be due to persistence of gut microbes. 267 

Few studies reported both taxonomic and functional diversity, hence we were unable to determine a 268 

relationship between these two metrics. Microbial functional diversity tends to be considered from the 269 

perspective of potential functions inferred from gene sequences (Escalas et al., 2019). In contrast, we 270 

report results from studies of the diversity of actual functions (metabolization of carbon sources) carried 271 

out by the soil microbial community. The relationship between soil taxonomic diversity and ecosystem 272 

function (as opposed to functional diversity) tends to be positive (Bardgett and van der Putten, 2014; 273 

Maron et al., 2018; Philippot et al., 2013). Soil ecosystem multifunctionality (the capacity of soils to 274 

sustain many functions simultaneously) increases with microbial diversity (Delgado-Baquerizo et al., 275 

2016), while taxonomic and functional gene diversity are closely correlated (Zhang et al., 2019). 276 

However, taxonomic and functional diversity can be decoupled by the process of horizontal gene 277 

transfer, because different taxa can perform similar tasks through shared genes (Zhang et al., 2019). In 278 
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addition, the presence of physiologically-distinct subgroups within OTUs commonly defined by > 97 279 

% sequence similarity (so-called ‘microdiversity’) means that functional diversity can be large in groups 280 

of apparently identical microbial taxa (Larkin and Martiny, 2017).  281 

Organic farming has been promoted as a more sustainable alternative to conventional agriculture, 282 

because of greater energy efficiency, potentially closed nutrient cycles and increased biodiversity 283 

(Reganold and Wachter, 2016). These potential benefits come at a cost of reduced productivity 284 

compared with convential farming (de Ponti et al., 2012; Hijbeek et al., 2017), though there is some 285 

evidence that organic production can eventually catch up with conventional yields and provides greater 286 

spatial and temporal stability (Schrama et al., 2018). Environmental impacts of organic agriculture 287 

include greater land use and eutrophication potential per unit of food produced, contradicting the aim 288 

of closed nutrient cycles (Clark and Tilman, 2017). Our results suggest that, when considering organic 289 

crop fertilization alone and as a strict alternative to NPK (rather than a mixed system of manure-derived 290 

and NPK fertilizer), microbial functional diversity and bacterial taxonomic diversity are slightly, but 291 

significantly greater in organic systems while the effect on fungal taxonomic diversity is unclear. 292 

Despite the increases in microbial diversity under organic vs. conventional fertilization we found, 293 

organic farming systems still often exhibit higher eutrophication potential than conventional systems 294 

due to temporal mismatching between fertilizer addition and plant demand (Clark and Tilman, 2017).  295 

Therefore, it appears that the diversity of the microbial community is likely not the most important 296 

factor governing rates of nutrient loss from organic vs. conventional systems. While we did not compare 297 

combined treatments (e.g. NPK with manure or compost) with single treatments, farmers commonly 298 

apply a diversity of fertilizers. For example, a comparison of low-input organic systems with 299 

conventional mixed (NPK and manure) and conventional NPK-fertilized systems in Switzerland found 300 

the greatest bacterial a-diversity in the organic systems, followed by the mixed and NPK-only systems 301 

(Hartmann et al., 2015). Some studies which were not included in the meta-analysis employed manure-302 

free organic treatments, finding no effect (Wu et al., 2015) or variable effects (Wang et al., 2016) on 303 

soil microbial diversity. 304 
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Many studies addressing soil microbial diversity in response to fertilization could not be included in 305 

our meta-analysis because of incomplete or unclear reporting. Without giving specific examples, we 306 

found that many studies did not provide uncertainties (standard error or standard deviation) for 307 

parameter estimates, gave unclear descriptions of the fertilisation routines and inputs, or reported 308 

alternative measures of diversity. Of the studies we included, several did not report basic soil chemistry 309 

metrics such as pH and nitrogen content. Given the importance of pH in determining soil microbial 310 

diversity (Zhou et al., 2020), and the central relevance of nitrogen in these experiments, any future 311 

research should report these variables at minimum. We were only able to include a relatively small 312 

number of studies in our meta-analysis, though we note that in the Cochrane Library of medical meta-313 

analyses, the median number of studies is seven or below (von Hippel, 2015). The Cochrane 314 

Collaboration has been instrumental in developing methods of systematic review and meta-analyses for 315 

evidence-based medicine(Higgins et al., 2011). One reason for the lack of experimental comparisons of 316 

organic and mineral fertilizer treatments could be that organic agriculture comprises only a tiny fraction, 317 

around 1 per cent by area, of agriculture globally (Meemken and Qaim, 2018). We found very large 318 

residual heterogeneity among effect sizes, i.e. most of the variation in effect sizes among studies 319 

remains unexplained. Further research will reveal whether the mean effects we detected are general, 320 

and what other factors help explain variation among soils, climates, locations and experimental 321 

treatments. To achieve this, it is critical that detailed and complete data on key variables are reported. 322 

In addition, better understanding of soil ecosystem functioning will be achieved via analysis of the taxa 323 

and functional genes identified within samples, in addition to summary metrics like diversity (Hartmann 324 

et al., 2015). In this way, the powerful new bioinformatics tools at our disposal can be harnessed to 325 

fully understand the relationships between microbial communities and soil health in agricultural 326 

systems. 327 

  328 



 Fertilizer effects on soil microbial diversity  

 14 

DECLARATIONS 329 

FUNDING 330 

VR was funded by an undergraduate project studentship at Exeter University, UK. DB was funded by 331 

EC Horizon 2020 project ID 727624. 332 

 333 

CONFLICTS OF INTEREST 334 

The authors declare no conflicts of interest 335 

 336 

AVAILABILITY OF DATA 337 

The data used in the meta-analysis will be made available on publication of the manuscript. 338 

 339 

CODE AVAILABILITY 340 

Code used in the meta-analysis is available from the author by reasonable request. 341 

 342 

AUTHORS CONTRIBUTIONS 343 

DB developed the research. DB and VR collected data, analysed results and wrote the paper. 344 

 345 

ETHICS APPROVAL 346 

Not applicable 347 

 348 

CONSENT TO PARTICIPATE 349 



 Fertilizer effects on soil microbial diversity  

 15 

Not applicable 350 

 351 

CONSENT FOR PUBLICATION 352 

Not applicable 353 

  354 



 Fertilizer effects on soil microbial diversity  

 16 

REFERENCES 355 

Balachandar, D., Doud, M.S., Schneper, L., Mills, D., Mathee, K., 2014. Long-Term Organic Nutrient 356 
Management Fosters the Eubacterial Community Diversity in the Indian Semi-arid Alfisol as 357 
Revealed by Length Heterogeneity–PCR. Commun. Soil Sci. Plant Anal. 45, 189–203. 358 
https://doi.org/10.1080/00103624.2013.841919 359 

Bardgett, R.D., van der Putten, W.H., 2014. Belowground biodiversity and ecosystem functioning. 360 
Nature 515, 505. https://doi.org/10.1038/nature13855 361 

Bastida, F., Eldridge, D.J., García, C., Kenny Png, G., Bardgett, R.D., Delgado-Baquerizo, M., 2021. 362 
Soil microbial diversity–biomass relationships are driven by soil carbon content across global 363 
biomes. ISME J. 15, 2081–2091. https://doi.org/10.1038/s41396-021-00906-0 364 

Bengtsson, J., AhnströM, J., Weibull, A.-C., 2005. The effects of organic agriculture on biodiversity 365 
and abundance: a meta-analysis: Organic agriculture, biodiversity and abundance. J. Appl. 366 
Ecol. 42, 261–269. https://doi.org/10.1111/j.1365-2664.2005.01005.x 367 

Callahan, B.J., McMurdie, P.J., Holmes, S.P., 2017. Exact sequence variants should replace operational 368 
taxonomic units in marker-gene data analysis. ISME J. 11, 2639–2643. 369 
https://doi.org/10.1038/ismej.2017.119 370 

Ceballos, G., Ehrlich, P.R., Barnosky, A.D., García, A., Pringle, R.M., Palmer, T.M., 2015. Accelerated 371 
modern human–induced species losses: Entering the sixth mass extinction. Sci. Adv. 1, 372 
e1400253. https://doi.org/10.1126/sciadv.1400253 373 

Chaudhry, V., Rehman, A., Mishra, A., Chauhan, P.S., Nautiyal, C.S., 2012. Changes in Bacterial 374 
Community Structure of Agricultural Land Due to Long-Term Organic and Chemical 375 
Amendments. Microb. Ecol. 64, 450–460. https://doi.org/10.1007/s00248-012-0025-y 376 

Chen, C., Zhang, J., Lu, M., Qin, C., Chen, Y., Yang, L., Huang, Q., Wang, J., Shen, Z., Shen, Q., 2016. 377 
Microbial communities of an arable soil treated for 8 years with organic and inorganic 378 
fertilizers. Biol. Fertil. Soils 52, 455–467. https://doi.org/10.1007/s00374-016-1089-5 379 

Chen, X., Li, Z., Liu, M., Jiang, C., Che, Y., 2015. Microbial community and functional diversity 380 
associated with different aggregate fractions of a paddy soil fertilized with organic manure 381 
and/or NPK fertilizer for 20 years. J. Soils Sediments 15, 292–301. 382 
https://doi.org/10.1007/s11368-014-0981-6 383 

Clark, M., Tilman, D., 2017. Comparative analysis of environmental impacts of agricultural production 384 
systems, agricultural input efficiency, and food choice. Environ. Res. Lett. 12, 064016. 385 
https://doi.org/10.1088/1748-9326/aa6cd5 386 

Clarke, A., Gaston, K.J., 2006. Climate, energy and diversity. Proc. R. Soc. B Biol. Sci. 273, 2257–387 
2266. https://doi.org/10.1098/rspb.2006.3545 388 

Cui, X., Zhang, Y., Gao, J., Peng, F., Gao, P., 2018. Long-term combined application of manure and 389 
chemical fertilizer sustained higher nutrient status and rhizospheric bacterial diversity in 390 
reddish paddy soil of Central South China. Sci. Rep. 8, 1–11. https://doi.org/10.1038/s41598-391 
018-34685-0 392 

de Ponti, T., Rijk, B., van Ittersum, M.K., 2012. The crop yield gap between organic and conventional 393 
agriculture. Agric. Syst. 108, 1–9. https://doi.org/10.1016/j.agsy.2011.12.004 394 

Delgado-Baquerizo, M., Maestre, F.T., Reich, P.B., Jeffries, T.C., Gaitan, J.J., Encinar, D., Berdugo, 395 
M., Campbell, C.D., Singh, B.K., 2016. Microbial diversity drives multifunctionality in 396 
terrestrial ecosystems. Nat. Commun. 7, 10541. https://doi.org/10.1038/ncomms10541 397 

Ding, J., Jiang, X., Guan, D., Zhao, B., Ma, M., Zhou, B., Cao, F., Yang, X., Li, L., Li, J., 2017. 398 
Influence of inorganic fertilizer and organic manure application on fungal communities in a 399 
long-term field experiment of Chinese Mollisols. Appl. Soil Ecol. 111, 114–122. 400 
https://doi.org/10.1016/j.apsoil.2016.12.003 401 

Ding, J., Jiang, X., Ma, M., Zhou, B., Guan, D., Zhao, B., Zhou, J., Cao, F., Li, L., Li, J., 2016. Effect 402 
of 35 years inorganic fertilizer and manure amendment on structure of bacterial and archaeal 403 
communities in black soil of northeast China. Appl. Soil Ecol. 105, 187–195. 404 
https://doi.org/10.1016/j.apsoil.2016.04.010 405 

Ding, J., Ma, M., Jiang, X., Liu, Y., Zhang, J., Suo, L., Wang, L., Wei, D., Li, J., 2019. Effects of 406 
applying inorganic fertilizer and organic manure for 35 years on the structure and diversity of 407 



 Fertilizer effects on soil microbial diversity  

 17 

ammonia-oxidizing archaea communities in a Chinese Mollisols field. MicrobiologyOpen 9, 408 
e00942. https://doi.org/10.1002/mbo3.942 409 

Escalas, A., Hale, L., Voordeckers, J.W., Yang, Y., Firestone, M.K., Alvarez-Cohen, L., Zhou, J., 2019. 410 
Microbial functional diversity: From concepts to applications. Ecol. Evol. 9, 12000–12016. 411 
https://doi.org/10.1002/ece3.5670 412 

FAO, 2020. FAOSTAT. Food and Agriculture Organization of the United Nations, Rome. 413 
Ge, Y., Zhang, J., Zhang, L., Yang, M., He, J., 2008. Long-term fertilization regimes affect bacterial 414 

community structure and diversity of an agricultural soil in northern China. J. Soils Sediments 415 
8, 43–50. https://doi.org/10.1065/jss2008.01.270 416 

Gou, M., Hu, H.-W., Zhang, Y.-J., Wang, J.-T., Hayden, H., Tang, Y.-Q., He, J.-Z., 2018. Aerobic 417 
composting reduces antibiotic resistance genes in cattle manure and the resistome 418 
dissemination in agricultural soils. Sci. Total Environ. 612, 1300–1310. 419 
https://doi.org/10.1016/j.scitotenv.2017.09.028 420 

Gu, Y., Zhang, X., Tu, S., Lindström, K., 2009. Soil microbial biomass, crop yields, and bacterial 421 
community structure as affected by long-term fertilizer treatments under wheat-rice cropping. 422 
Eur. J. Soil Biol. 45, 239–246. https://doi.org/10.1016/j.ejsobi.2009.02.005 423 

Guanghua, W., Junjie, L., Xiaoning, Q., Jian, J., Yang, W., Xiaobing, L., 2008. Effects of fertilization 424 
on bacterial community structure and function in a black soil of Dehui region estimated by 425 
Biolog and PCR-DGGE methods. Acta Ecol. Sin. 28, 220–226. https://doi.org/10.1016/S1872-426 
2032(08)60023-2 427 

Hamm, A.C., Tenuta, M., Krause, D.O., Ominski, K.H., Tkachuk, V.L., Flaten, D.N., 2016. Bacterial 428 
communities of an agricultural soil amended with solid pig and dairy manures, and urea 429 
fertilizer. Appl. Soil Ecol. 103, 61–71. https://doi.org/10.1016/j.apsoil.2016.02.015 430 

Han, S., Zeng, L., Luo, X., Xiong, X., Wen, S., Wang, B., Chen, W., Huang, Q., 2018. Shifts in 431 
Nitrobacter- and Nitrospira-like nitrite-oxidizing bacterial communities under long-term 432 
fertilization practices. Soil Biol. Biochem. 124, 118–125. 433 
https://doi.org/10.1016/j.soilbio.2018.05.033 434 

Hartmann, M., Frey, B., Mayer, J., Mäder, P., Widmer, F., 2015. Distinct soil microbial diversity under 435 
long-term organic and conventional farming. ISME J. 9, 1177–1194. 436 
https://doi.org/10.1038/ismej.2014.210 437 

Hedges, L.V., Gurevitch, J., Curtis, P.S., 1999. The Meta-Analysis of Response Ratios in Experimental 438 
Ecology. Ecology 80, 1150–1156. https://doi.org/10.1890/0012-439 
9658(1999)080[1150:TMAORR]2.0.CO;2 440 

Higgins, J.P.T., Altman, D.G., Gøtzsche, P.C., Jüni, P., Moher, D., Oxman, A.D., Savović, J., Schulz, 441 
K.F., Weeks, L., Sterne, J.A.C., 2011. The Cochrane Collaboration’s tool for assessing risk of 442 
bias in randomised trials. BMJ 343, d5928. https://doi.org/10.1136/bmj.d5928 443 

Higgins, J.P.T., Thompson, S.G., 2002. Quantifying heterogeneity in a meta-analysis. Stat. Med. 21, 444 
1539–1558. https://doi.org/10.1002/sim.1186 445 

Hijbeek, R., van Ittersum, M.K., ten Berge, H.F.M., Gort, G., Spiegel, H., Whitmore, A.P., 2017. Do 446 
organic inputs matter – a meta-analysis of additional yield effects for arable crops in Europe. 447 
Plant Soil 411, 293–303. https://doi.org/10.1007/s11104-016-3031-x 448 

Howe, A.C., Jansson, J.K., Malfatti, S.A., Tringe, S.G., Tiedje, J.M., Brown, C.T., 2014. Tackling soil 449 
diversity with the assembly of large, complex metagenomes. Proc. Natl. Acad. Sci. 111, 4904–450 
4909. https://doi.org/10.1073/pnas.1402564111 451 

Hu, T., Sørensen, P., Wahlström, E.M., Chirinda, N., Sharif, B., Li, X., Olesen, J.E., 2018. Root biomass 452 
in cereals, catch crops and weeds can be reliably estimated without considering aboveground 453 
biomass. Agric. Ecosyst. Environ. 251, 141–148. https://doi.org/10.1016/j.agee.2017.09.024 454 

Hu, X., Liu, J., Wei, D., Zhu, P., Cui, X., Zhou, B., Chen, X., Jin, J., Liu, X., Wang, G., 2018. Soil 455 
Bacterial Communities Under Different Long-Term Fertilization Regimes in Three Locations 456 
Across the Black Soil Region of Northeast China. Pedosphere 28, 751–763. 457 
https://doi.org/10.1016/S1002-0160(18)60040-2 458 

Ji, L., Wu, Z., You, Z., Yi, X., Ni, K., Guo, S., Ruan, J., 2018. Effects of organic substitution for 459 
synthetic N fertilizer on soil bacterial diversity and community composition: A 10-year field 460 



 Fertilizer effects on soil microbial diversity  

 18 

trial in a tea plantation. Agric. Ecosyst. Environ. 268, 124–132. 461 
https://doi.org/10.1016/j.agee.2018.09.008 462 

Kamaa, M., Mburu, H., Blanchart, E., Chibole, L., Chotte, J.-L., Kibunja, C., Lesueur, D., 2011. Effects 463 
of organic and inorganic fertilization on soil bacterial and fungal microbial diversity in the 464 
Kabete long-term trial, Kenya. Biol. Fertil. Soils 47, 315–321. https://doi.org/10.1007/s00374-465 
011-0539-3 466 

Kibblewhite, M.G., Ritz, K., Swift, M.J., 2008. Soil health in agricultural systems. Philos. Trans. R. 467 
Soc. B Biol. Sci. 363, 685–701. https://doi.org/10.1098/rstb.2007.2178 468 

Köninger, J., Lugato, E., Panagos, P., Kochupillai, M., Orgiazzi, A., Briones, M.J.I., 2021. Manure 469 
management and soil biodiversity: Towards more sustainable food systems in the EU. Agric. 470 
Syst. 194, 103251. https://doi.org/10.1016/j.agsy.2021.103251 471 

Kumar, U., Kumar Nayak, A., Shahid, M., Gupta, V.V.S.R., Panneerselvam, P., Mohanty, S., Kaviraj, 472 
M., Kumar, A., Chatterjee, D., Lal, B., Gautam, P., Tripathi, R., Panda, B.B., 2018. Continuous 473 
application of inorganic and organic fertilizers over 47 years in paddy soil alters the bacterial 474 
community structure and its influence on rice production. Agric. Ecosyst. Environ. 262, 65–75. 475 
https://doi.org/10.1016/j.agee.2018.04.016 476 

Kumar, U., Shahid, M., Tripathi, R., Mohanty, S., Kumar, A., Bhattacharyya, P., Lal, B., Gautam, P., 477 
Raja, R., Panda, B.B., Jambhulkar, N.N., Shukla, A.K., Nayak, A.K., 2017. Variation of 478 
functional diversity of soil microbial community in sub-humid tropical rice-rice cropping 479 
system under long-term organic and inorganic fertilization. Ecol. Indic. 73, 536–543. 480 
https://doi.org/10.1016/j.ecolind.2016.10.014 481 

Larkin, A.A., Martiny, A.C., 2017. Microdiversity shapes the traits, niche space, and biogeography of 482 
microbial taxa. Environ. Microbiol. Rep. 9, 55–70. https://doi.org/10.1111/1758-2229.12523 483 

Lehmann, J., Solomon, D., Kinyangi, J., Dathe, L., Wirick, S., Jacobsen, C., 2008. Spatial complexity 484 
of soil organic matter forms at nanometre scales. Nat. Geosci. 1, 238–242. 485 
https://doi.org/10.1038/ngeo155 486 

Lemanceau, P., Maron, P.-A., Mazurier, S., Mougel, C., Pivato, B., Plassart, P., Ranjard, L., Revellin, 487 
C., Tardy, V., Wipf, D., 2015. Understanding and managing soil biodiversity: a major challenge 488 
in agroecology. Agron. Sustain. Dev. 35, 67–81. https://doi.org/10.1007/s13593-014-0247-0 489 

Levi-Minzi, R., Riffaldi, R., Saviozzi, A., 1986. Organic matter and nutrients in fresh and mature 490 
farmyard manure. Agric. Wastes 16, 225–236. https://doi.org/10.1016/0141-4607(86)90068-5 491 

Li, J., Cooper, J.M., Lin, Z., Li, Y., Yang, X., Zhao, B., 2015. Soil microbial community structure and 492 
function are significantly affected by long-term organic and mineral fertilization regimes in the 493 
North China Plain. Appl. Soil Ecol. 96, 75–87. https://doi.org/10.1016/j.apsoil.2015.07.001 494 

Liu, W., Wang, Q., Wang, B., Wang, X., Franks, A.E., Teng, Y., Li, Z., Luo, Y., 2015. Changes in the 495 
abundance and structure of bacterial communities under long-term fertilization treatments in a 496 
peanut monocropping system. Plant Soil 395, 415–427. https://doi.org/10.1007/s11104-015-497 
2569-3 498 

Liu, W., Zhang, Y., Jiang, S., Murray, P.J., Liao, L., Li, X., Zhang, J., 2019. Spatiotemporal differences 499 
in the arbuscular mycorrhizal fungi communities in soil and roots in response to long-term 500 
organic compost inputs in an intensive agricultural cropping system on the North China Plain. 501 
J. Soils Sediments 19, 2520–2533. https://doi.org/10.1007/s11368-019-02244-3 502 

Lloyd, K.G., Steen, A.D., Ladau, J., Yin, J., Crosby, L., 2018. Phylogenetically Novel Uncultured 503 
Microbial Cells Dominate Earth Microbiomes. mSystems 3. 504 
https://doi.org/10.1128/mSystems.00055-18 505 

Lori, M., Symnaczik, S., Mäder, P., Deyn, G.D., Gattinger, A., 2017. Organic farming enhances soil 506 
microbial abundance and activity—A meta-analysis and meta-regression. PLOS ONE 12, 507 
e0180442. https://doi.org/10.1371/journal.pone.0180442 508 

Luo, G., Li, L., Friman, V.-P., Guo, J., Guo, S., Shen, Q., Ling, N., 2018. Organic amendments increase 509 
crop yields by improving microbe-mediated soil functioning of agroecosystems: A meta-510 
analysis. Soil Biol. Biochem. 124, 105–115. https://doi.org/10.1016/j.soilbio.2018.06.002 511 

Ma, M., Jiang, X., Wang, Q., Ongena, M., Wei, D., Ding, J., Guan, D., Cao, F., Zhao, B., Li, J., 2018. 512 
Responses of fungal community composition to long-term chemical and organic fertilization 513 



 Fertilizer effects on soil microbial diversity  

 19 

strategies in Chinese Mollisols. MicrobiologyOpen 7, e00597. 514 
https://doi.org/10.1002/mbo3.597 515 

Mahanta, D., Bhattacharyya, R., Mishra, P.K., Gopinath, K.A., Channakeshavaih, C., Krishnan, J., 516 
Raja, A., Tuti, M.D., Varghese, E., Pandey, B.M., Bisht, J.K., Bhatt, J.C., 2017. Influence of a 517 
six-year organic and inorganic fertilization on the diversity of the soil culturable microrgansims 518 
in the Indian mid-Himalayas. Appl. Soil Ecol. 120, 229–238. 519 
https://doi.org/10.1016/j.apsoil.2017.08.012 520 

Maron, P.-A., Sarr, A., Kaisermann, A., Lévêque, J., Mathieu, O., Guigue, J., Karimi, B., Bernard, L., 521 
Dequiedt, S., Terrat, S., Chabbi, A., Ranjard, L., 2018. High Microbial Diversity Promotes Soil 522 
Ecosystem Functioning. Appl Env. Microbiol 84, e02738-17. 523 
https://doi.org/10.1128/AEM.02738-17 524 

Mazzola, M., 2004. Assessment and Management of Soil Microbial Community Structure for Disease 525 
Suppression. Annu. Rev. Phytopathol. 42, 35–59. 526 
https://doi.org/10.1146/annurev.phyto.42.040803.140408 527 

McDaniel, M.D., Tiemann, L.K., Grandy, A.S., 2014. Does agricultural crop diversity enhance soil 528 
microbial biomass and organic matter dynamics? A meta-analysis. Ecol. Appl. 529 
https://doi.org/10.1890/13-0616.1 530 

Meemken, E.-M., Qaim, M., 2018. Organic Agriculture, Food Security, and the Environment. Annu. 531 
Rev. Resour. Econ. 10, 39–63. https://doi.org/10.1146/annurev-resource-100517-023252 532 

Meng, Q., Yang, W., Men, M., Bello, A., Xu, X., Xu, B., Deng, L., Jiang, X., Sheng, S., Wu, X., Han, 533 
Y., Zhu, H., 2019. Microbial Community Succession and Response to Environmental Variables 534 
During Cow Manure and Corn Straw Composting. Front. Microbiol. 10. 535 
https://doi.org/10.3389/fmicb.2019.00529 536 

Nautiyal, C.S., Chauhan, P.S., Bhatia, C.R., 2010. Changes in soil physico-chemical properties and 537 
microbial functional diversity due to 14 years of conversion of grassland to organic agriculture 538 
in semi-arid agroecosystem. Soil Tillage Res. 109, 55–60. 539 
https://doi.org/10.1016/j.still.2010.04.008 540 

Page, S.E., 2011. Diversity and Complexity. Princeton University Press, Princeton. 541 
Philippot, L., Spor, A., Hénault, C., Bru, D., Bizouard, F., Jones, C.M., Sarr, A., Maron, P.-A., 2013. 542 

Loss in microbial diversity affects nitrogen cycling in soil. ISME J. 7, 1609–1619. 543 
https://doi.org/10.1038/ismej.2013.34 544 

Qiu, S.-L., Wang, L.-M., Huang, D.-F., Lin, X.-J., 2014. Effects of fertilization regimes on tea yields, 545 
soil fertility, and soil microbial diversity. Chil. J. Agric. Res. 74, 333–339. 546 
https://doi.org/10.4067/S0718-58392014000300012 547 

Reganold, J.P., Wachter, J.M., 2016. Organic agriculture in the twenty-first century. Nat. Plants 2, 1–548 
8. https://doi.org/10.1038/nplants.2015.221 549 

Ricklefs, R.E., Schluter, D. (Eds.), 1994. Species Diversity in Ecological Communities, 1. International 550 
developments in the administration of publicly-funded forest research: Challenges and 551 
opportunities 2. Payments for ecosystem services and their institutional dimensions: 552 
Institutional frameworks and governance structures of PES schemes. University of Chicago 553 
Press, Chicago. 554 

Rillig, M.C., Wright, S.F., Eviner, V.T., 2002. The role of arbuscular mycorrhizal fungi and glomalin 555 
in soil aggregation: comparing effects of five plant species. Plant Soil 238, 325–333. 556 
https://doi.org/10.1023/A:1014483303813 557 

Ros, M., Klammer, S., Knapp, B., Aichberger, K., Insam, H., 2006. Long-term effects of compost 558 
amendment of soil on functional and structural diversity and microbial activity. Soil Use 559 
Manag. 22, 209–218. https://doi.org/10.1111/j.1475-2743.2006.00027.x 560 

Rudd, M.A., Beazley, K.F., Cooke, S.J., Fleishman, E., Lane, D.E., Mascia, M.B., Roth, R., Tabor, G., 561 
Bakker, J.A., Bellefontaine, T., Berteaux, D., Cantin, B., Chaulk, K.G., Cunningham, K., 562 
Dobell, R., Fast, E., Ferrara, N., Findlay, C.S., Hallstrom, L.K., Hammond, T., Hermanutz, L., 563 
Hutchings, J.A., Lindsay, K.E., Marta, T.J., Nguyen, V.M., Northey, G., Prior, K., Ramirez-564 
Sanchez, S., Rice, J., Sleep, D.J.H., Szabo, N.D., Trottier, G., Toussaint, J.-P., Veilleux, J.-P., 565 
2011. Generation of Priority Research Questions to Inform Conservation Policy and 566 



 Fertilizer effects on soil microbial diversity  

 20 

Management at a National Level. Conserv. Biol. 25, 476–484. https://doi.org/10.1111/j.1523-567 
1739.2010.01625.x 568 

Sahu, N., Vasu, D., Sahu, A., Lal, N., Singh, S.K., 2017. Strength of microbes in nutrient cycling: A 569 
key to soil health, in: Agriculturally Important Microbes for Sustainable Agriculture. 570 
https://doi.org/10.1007/978-981-10-5589-8_4 571 

Schrama, M., de Haan, J.J., Kroonen, M., Verstegen, H., Van der Putten, W.H., 2018. Crop yield gap 572 
and stability in organic and conventional farming systems. Agric. Ecosyst. Environ. 573 
https://doi.org/10.1016/j.agee.2017.12.023 574 

Sharma, M.file, Reynnells, R., 2016. Importance of Soil Amendments: Survival of Bacterial Pathogens 575 
in Manure and Compost Used as Organic Fertilizers. Microbiol. Spectr. 4, PFS-0010-2015. 576 
https://doi.org/10.1128/microbiolspec.PFS-0010-2015 577 

Sun, H.Y., Deng, S.P., Raun, W.R., 2004. Bacterial Community Structure and Diversity in a Century-578 
Old Manure-Treated Agroecosystem. Appl. Environ. Microbiol. 70, 5868–5874. 579 
https://doi.org/10.1128/AEM.70.10.5868-5874.2004 580 

Sutherland, W.J., Armstrong-Brown, S., Armsworth, P.R., Tom, B., Brickland, J., Campbell, C.D., 581 
Chamberlain, D.E., Cooke, A.I., Dulvy, N.K., Dusic, N.R., Fitton, M., Freckleton, R.P., 582 
Godfray, H.C.J., Grout, N., Harvey, H.J., Hedley, C., Hopkins, J.J., Kift, N.B., Kirby, J., Kunin, 583 
W.E., Macdonald, D.W., Marker, B., Naura, M., Neale, A.R., Oliver, T., Osborn, D., Pullin, 584 
A.S., Shardlow, M.E.A., Showler, D.A., Smith, P.L., Smithers, R.J., Solandt, J.-L., Spencer, J., 585 
Spray, C.J., Thomas, C.D., Thompson, J., Webb, S.E., Yalden, D.W., Watkinson, A.R., 2006. 586 
The identification of 100 ecological questions of high policy relevance in the UK. J. Appl. Ecol. 587 
43, 617–627. https://doi.org/10.1111/j.1365-2664.2006.01188.x 588 

Thompson, L.R., Sanders, J.G., McDonald, D., Amir, A., Ladau, J., Locey, K.J., Prill, R.J., Tripathi, 589 
A., Gibbons, S.M., Ackermann, G., Navas-Molina, J.A., Janssen, S., Kopylova, E., Vázquez-590 
Baeza, Y., González, A., Morton, J.T., Mirarab, S., Xu, Z.Z., Jiang, L., Haroon, M.F., Kanbar, 591 
J., Zhu, Q., Song, S.J., Kosciolek, T., Bokulich, N.A., Lefler, J., Brislawn, C.J., Humphrey, G., 592 
Owens, S.M., Hampton-Marcell, J., Berg-Lyons, D., McKenzie, V., Fierer, N., Fuhrman, J.A., 593 
Clauset, A., Stevens, R.L., Shade, A., Pollard, K.S., Goodwin, K.D., Jansson, J.K., Gilbert, 594 
J.A., Knight, R., Consortium, T.E.M.P., Rivera, J.L.A., Al-Moosawi, L., Alverdy, J., Amato, 595 
K.R., Andras, J., Angenent, L.T., Antonopoulos, D.A., Apprill, A., Armitage, D., Ballantine, 596 
K., Bárta, J., Baum, J.K., Berry, A., Bhatnagar, A., Bhatnagar, M., Biddle, J.F., Bittner, L., 597 
Boldgiv, B., Bottos, E., Boyer, D.M., Braun, J., Brazelton, W., Brearley, F.Q., Campbell, A.H., 598 
Caporaso, J.G., Cardona, C., Carroll, J., Cary, S.C., Casper, B.B., Charles, T.C., Chu, H., Claar, 599 
D.C., Clark, R.G., Clayton, J.B., Clemente, J.C., Cochran, A., Coleman, M.L., Collins, G., 600 
Colwell, R.R., Contreras, M., Crary, B.B., Creer, S., Cristol, D.A., Crump, B.C., Cui, D., Daly, 601 
S.E., Davalos, L., Dawson, R.D., Defazio, J., Delsuc, F., Dionisi, H.M., Dominguez-Bello, 602 
M.G., Dowell, R., Dubinsky, E.A., Dunn, P.O., Ercolini, D., Espinoza, R.E., Ezenwa, V., 603 
Fenner, N., Findlay, H.S., Fleming, I.D., Fogliano, V., Forsman, A., Freeman, C., Friedman, 604 
E.S., Galindo, G., Garcia, L., Garcia-Amado, M.A., Garshelis, D., Gasser, R.B., Gerdts, G., 605 
Gibson, M.K., Gifford, I., Gill, R.T., Giray, T., Gittel, A., Golyshin, P., Gong, D., Grossart, H.-606 
P., Guyton, K., Haig, S.-J., Hale, V., Hall, R.S., Hallam, S.J., Handley, K.M., Hasan, N.A., 607 
Haydon, S.R., Hickman, J.E., Hidalgo, G., Hofmockel, K.S., Hooker, J., Hulth, S., Hultman, 608 
J., Hyde, E., Ibáñez-Álamo, J.D., Jastrow, J.D., Jex, A.R., Johnson, L.S., Johnston, E.R., 609 
Joseph, S., Jurburg, S.D., Jurelevicius, D., Karlsson, A., Karlsson, R., Kauppinen, S., Kellogg, 610 
C.T.E., Kennedy, S.J., Kerkhof, L.J., King, G.M., Kling, G.W., Koehler, A.V., Krezalek, M., 611 
Kueneman, J., Lamendella, R., Landon, E.M., Lane-deGraaf, K., LaRoche, J., Larsen, P., 612 
Laverock, B., Lax, S., Lentino, M., Levin, I.I., Liancourt, P., Liang, W., Linz, A.M., Lipson, 613 
D.A., Liu, Y., Lladser, M.E., Lozada, M., Spirito, C.M., MacCormack, W.P., MacRae-Crerar, 614 
A., Magris, M., Martín-Platero, A.M., Martín-Vivaldi, M., Martínez, L.M., Martínez-Bueno, 615 
M., Marzinelli, E.M., Mason, O.U., Mayer, G.D., McDevitt-Irwin, J.M., McDonald, J.E., 616 
McGuire, K.L., McMahon, K.D., McMinds, R., Medina, M., Mendelson, J.R., Metcalf, J.L., 617 
Meyer, F., Michelangeli, F., Miller, K., Mills, D.A., Minich, J., Mocali, S., Moitinho-Silva, L., 618 
Moore, A., Morgan-Kiss, R.M., Munroe, P., Myrold, D., Neufeld, J.D., Ni, Y., Nicol, G.W., 619 
Nielsen, S., Nissimov, J.I., Niu, K., Nolan, M.J., Noyce, K., O’Brien, S.L., Okamoto, N., 620 



 Fertilizer effects on soil microbial diversity  

 21 

Orlando, L., Castellano, Y.O., Osuolale, O., Oswald, W., Parnell, J., Peralta-Sánchez, J.M., 621 
Petraitis, P., Pfister, C., Pilon-Smits, E., Piombino, P., Pointing, S.B., Pollock, F.J., Potter, C., 622 
Prithiviraj, B., Quince, C., Rani, A., Ranjan, R., Rao, S., Rees, A.P., Richardson, M., Riebesell, 623 
U., Robinson, C., Rockne, K.J., Rodriguezl, S.M., Rohwer, F., Roundstone, W., Safran, R.J., 624 
Sangwan, N., Sanz, V., Schrenk, M., Schrenzel, M.D., Scott, N.M., Seger, R.L., Seguin-625 
Orlando, A., Seldin, L., Seyler, L.M., Shakhsheer, B., Sheets, G.M., Shen, C., Shi, Y., Shin, 626 
H., Shogan, B.D., Shutler, D., Siegel, J., Simmons, S., Sjöling, S., Smith, D.P., Soler, J.J., 627 
Sperling, M., Steinberg, P.D., Stephens, B., Stevens, M.A., Taghavi, S., Tai, V., Tait, K., Tan, 628 
C.L., Tas¸, N., Taylor, D.L., Thomas, T., Timling, I., Turner, B.L., Urich, T., Ursell, L.K., 629 
Lelie, D. van der, Treuren, W.V., Zwieten, L. van, Vargas-Robles, D., Thurber, R.V., 630 
Vitaglione, P., Walker, D.A., Walters, W.A., Wang, S., Wang, T., Weaver, T., Webster, N.S., 631 
Wehrle, B., Weisenhorn, P., Weiss, S., Werner, J.J., West, K., Whitehead, A., Whitehead, S.R., 632 
Whittingham, L.A., Willerslev, E., Williams, A.E., Wood, S.A., Woodhams, D.C., Yang, Y., 633 
Zaneveld, J., Zarraonaindia, I., Zhang, Q., Zhao, H., 2017. A communal catalogue reveals 634 
Earth’s multiscale microbial diversity. Nature 551, 457. https://doi.org/10.1038/nature24621 635 

van Bruggen, A.H.C., Goss, E.M., Havelaar, A., van Diepeningen, A.D., Finckh, M.R., Morris, J.G., 636 
Jr, 2019. One Health - Cycling of diverse microbial communities as a connecting force for soil, 637 
plant, animal, human and ecosystem health. Sci. Total Environ. 664, 927–937. 638 
https://doi.org/10.1016/j.scitotenv.2019.02.091 639 

van Bruggen, A.H.C., Sharma, K., Kaku, E., Karfopoulos, S., Zelenev, V.V., Blok, W.J., 2015. Soil 640 
health indicators and Fusarium wilt suppression in organically and conventionally managed 641 
greenhouse soils. Appl. Soil Ecol. 86, 192–201. https://doi.org/10.1016/j.apsoil.2014.10.014 642 

van der Bom, F., Nunes, I., Raymond, N.S., Hansen, V., Bonnichsen, L., Magid, J., Nybroe, O., Jensen, 643 
L.S., 2018. Long-term fertilisation form, level and duration affect the diversity, structure and 644 
functioning of soil microbial communities in the field. Soil Biol. Biochem. 122, 91–103. 645 
https://doi.org/10.1016/j.soilbio.2018.04.003 646 

Venter, Z.S., Jacobs, K., Hawkins, H.J., 2016. The impact of crop rotation on soil microbial diversity: 647 
A meta-analysis. Pedobiologia. https://doi.org/10.1016/j.pedobi.2016.04.001 648 

Viechtbauer, W., 2010. Conducting Meta-Analyses in R with the metafor Package. J. Stat. Softw. 36, 649 
1–48. https://doi.org/10.18637/jss.v036.i03 650 

von Hippel, P.T., 2015. The heterogeneity statistic I2 can be biased in small meta-analyses. BMC Med. 651 
Res. Methodol. 15, 35. https://doi.org/10.1186/s12874-015-0024-z 652 

Vos, M., Wolf, A.B., Jennings, S.J., Kowalchuk, G.A., 2013. Micro-scale determinants of bacterial 653 
diversity in soil. FEMS Microbiol. Rev. 37, 936–954. https://doi.org/10.1111/1574-6976.12023 654 

Wang, L., Yang, F., E, Y., Yuan, J., Raza, W., Huang, Q., Shen, Q., 2016. Long-Term Application of 655 
Bioorganic Fertilizers Improved Soil Biochemical Properties and Microbial Communities of 656 
an Apple Orchard Soil. Front. Microbiol. 7. https://doi.org/10.3389/fmicb.2016.01893 657 

Wang, Q., Jiang, X., Guan, D., Wei, D., Zhao, B., Ma, M., Chen, S., Li, L., Cao, F., Li, J., 2018. Long-658 
term fertilization changes bacterial diversity and bacterial communities in the maize 659 
rhizosphere of Chinese Mollisols. Appl. Soil Ecol. 125, 88–96. 660 
https://doi.org/10.1016/j.apsoil.2017.12.007 661 

Wang, Y., Ji, H., Hu, Y., Wang, R., Rui, J., Guo, S., 2018. Different Selectivity in Fungal Communities 662 
Between Manure and Mineral Fertilizers: A Study in an Alkaline Soil After 30 Years 663 
Fertilization. Front. Microbiol. 9, 2613. https://doi.org/10.3389/fmicb.2018.02613 664 

Wei, D., Yang, Q., Zhang, J.-Z., Wang, S., Chen, X.-L., Zhang, X.-L., Li, W.-Q., 2008. Bacterial 665 
Community Structure and Diversity in a Black Soil as Affected by Long-Term Fertilization*1 666 
*1Project supported by the Heilongjiang Provincial Natural Science Funds for Distinguished 667 
Young Scholars, China (No. JC200622), the Heilongjiang Provincial Natural Science 668 
Foundation of China (No. C2004-17), and the National “Eleventh Five Years Plan” Key Project 669 
on Science and Technology of China (No. 2006BAD25B05). Pedosphere 18, 582–592. 670 
https://doi.org/10.1016/S1002-0160(08)60052-1 671 

Wen, Y., Xiao, J., Liu, F., Goodman, B.A., Li, W., Jia, Z., Ran, W., Zhang, R., Shen, Q., Yu, G., 2018. 672 
Contrasting effects of inorganic and organic fertilisation regimes on shifts in Fe redox bacterial 673 



 Fertilizer effects on soil microbial diversity  

 22 

communities in red soils. Soil Biol. Biochem. 117, 56–67. 674 
https://doi.org/10.1016/j.soilbio.2017.11.003 675 

Wu, T., Milner, H., Díaz-Pérez, J.C., Ji, P., 2015. Effects of soil management practices on soil microbial 676 
communities and development of southern blight in vegetable production. Appl. Soil Ecol. 91, 677 
58–67. https://doi.org/10.1016/j.apsoil.2015.02.011 678 

Wuepper, D., Borrelli, P., Finger, R., 2020. Countries and the global rate of soil erosion. Nat. Sustain. 679 
3, 51–55. https://doi.org/10.1038/s41893-019-0438-4 680 

Yao, L., Wang, Dangjun, Kang, L., Wang, Dengke, Zhang, Y., Hou, X., Guo, Y., 2018. Effects of 681 
fertilizations on soil bacteria and fungi communities in a degraded arid steppe revealed by high 682 
through-put sequencing. PeerJ 6, e4623. https://doi.org/10.7717/peerj.4623 683 

Ye, G., Lin, Y., Luo, J., Di, H.J., Lindsey, S., Liu, D., Fan, J., Ding, W., 2020. Responses of soil fungal 684 
diversity and community composition to long-term fertilization: Field experiment in an acidic 685 
Ultisol and literature synthesis. Appl. Soil Ecol. 145, 103305. 686 
https://doi.org/10.1016/j.apsoil.2019.06.008 687 

Zhang, X., Davidson, E.A., Mauzerall, D.L., Searchinger, T.D., Dumas, P., Shen, Y., 2015. Managing 688 
nitrogen for sustainable development. Nature 528, 51–59. https://doi.org/10.1038/nature15743 689 

Zhang, X., Johnston, E.R., Wang, Y., Yu, Q., Tian, D., Wang, Z., Zhang, Y., Gong, D., Luo, C., Liu, 690 
W., Yang, J., Han, X., 2019. Distinct Drivers of Core and Accessory Components of Soil 691 
Microbial Community Functional Diversity under Environmental Changes. mSystems 4. 692 
https://doi.org/10.1128/mSystems.00374-19 693 

Zhang, Y., Shen, H., He, X., Thomas, B.W., Lupwayi, N.Z., Hao, X., Thomas, M.C., Shi, X., 2017. 694 
Fertilization Shapes Bacterial Community Structure by Alteration of Soil pH. Front. Microbiol. 695 
8, 1325. https://doi.org/10.3389/fmicb.2017.01325 696 

Zhao, J., Ni, T., Li, Y., Xiong, W., Ran, W., Shen, B., Shen, Q., Zhang, R., 2014. Responses of Bacterial 697 
Communities in Arable Soils in a Rice-Wheat Cropping System to Different Fertilizer Regimes 698 
and Sampling Times. PLOS ONE 9, e85301. https://doi.org/10.1371/journal.pone.0085301 699 

Zhong, W., Gu, T., Wang, W., Zhang, B., Lin, X., Huang, Q., Shen, W., 2010. The effects of mineral 700 
fertilizer and organic manure on soil microbial community and diversity. Plant Soil 326, 511–701 
522. https://doi.org/10.1007/s11104-009-9988-y 702 

Zhou, Z., Wang, C., Luo, Y., 2020. Meta-analysis of the impacts of global change factors on soil 703 
microbial diversity and functionality. Nat. Commun. 11, 3072. https://doi.org/10.1038/s41467-704 
020-16881-7 705 

 706 



 Fertilizer effects on soil microbial diversity  

 23 

TABLES 707 

Table 1. Summary statistics for meta-analysis of functional diversity (Hfun) differences between 708 

fertilizer treatments and control. One study (Ros et al., 2006) reported three comparisons, hence a multi-709 

level random model was employed to control for within-study effects. Studies (N) refers to the number 710 

of studies and number of comparisons. LRM is the log-transformed ratio of means ± SE and 95 % 711 

Confidence Interval. Difference (%) is the effect-size back-transformed to percentage difference. 712 

Comparison Studies (N) LRM LRM (95% CI) Difference (%) Difference 

(95% CI) 

NPK vs. CON 6 (8) 0.027 ± 0.004 0.018, 0.037 2.8 2.0, 3.6 

ORG vs. CON 7 (9) 0.068 ± 0.012 0.041, 0.095 7.0 4.6, 9.5 

ORG vs. NPK 7 (9) 0.037 ± 0.014 0.004, 0.070 3.8 0.9, 6.7 

 713 

 714 

  715 
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Table 2. Summary statistics for meta-analysis of taxonomic diversity. Statistics as in Table 1. 716 

Comparison Class Studies 

(N) 

LRM LRM (95% 

CI) 

Change 

(%) 

Change % (95 

% CI) 

NPK vs. 

CON 

Fungi 8 (10) 0.026 ± 0.016 -0.007, 0.058 2.6 -0.6, 5.9 

 Prokaryotes 22 (29) -0.011 ± 0.014 -0.017, 0.040  1.1 -1.7, 4.0 

ORG vs. 

CON 

Fungi 8 (10) 0.028 ± 0.014 -0.002, 0.055 2.7 -0.2, 5.7 

 Prokaryotes 22 (29) 0.029 ± 0.008 0.011, 0.047 2.9 1.1, 4.8 

ORG vs. 

NPK 

Fungi 8 (10) -0.017 ± 0.015 -0.048, 0.014 -4.2 -4.7, 1.4 

 Prokaryotes 27 (39) 0.024 ± 0.011 0.001, 0.046 2.4 0.1, 4.7 

 717 

  718 
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FIGURES 719 

 720 

Fig. 1. Comparison of Hfun (a-c) and Htax (d-f) in (a,d) NPK vs. CON, (b,e) ORG vs. CON, (c,f) ORG 721 

vs. NPK. Results for fungi are in blue, prokaryotes in red. Points show reported values with size 722 

proportional to log(1/variance). Gel electrophoresis results are circles, sequencing results are triangles, 723 

TRFLP are diamonds. 724 
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 726 

Fig. 2. Functional soil diversity differences. a) NPK vs. CON, b) ORG vs. CON, c) ORG vs. NPK. 727 

Horizontal bars and ticks show 95% confidence intervals and means for effect sizes from the log-728 

transformed ratio of means, back-transformed to give percentage differences. Summary estimates are 729 

given at the bottom of each plot. Random intercepts were fitted per Study. 730 
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 732 

Fig. 3. Taxonomic diversity effect sizes. a) NPK vs. CON, b) ORG vs. CON, c) ORG vs. NPK. 733 

Horizontal bars and ticks show 95% confidence intervals and means for effect sizes from the log-734 

transformed ratio of means, back-transformed to give percentage differences. Summary estimates are 735 

given at the bottom of each plot, for fungi (blue) and prokaryotes (red). Random intercepts were fitted 736 

per Study. 737 
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 739 

Fig. 4. Representation of processes potentially influencing fertilizer affects on soil microbial diversity. 740 

See Discussion for details. Graphical elements from https://svg-clipart.com/ and http://clipart-741 

library.com/  742 
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