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A B S T R A C T

Despite a large number of published studies, a consensus has not been reached on how soil fungal and bacterial
biomass, the primary regulators for soil organic matter decomposition, respond to conservation tillage, i.e., no or
reduced tillage with>30 % residue covers. In this study we conducted a global meta-analysis of 60 studies to
investigate the effects of conservation versus conventional tillage on soil fungal and bacterial biomass, fungal-to-
bacterial ratios, and their relationship to other soil properties. Our results showed that conservation tillage
greatly increased overall soil microbial biomass (37 %), including both fungal (31 %) and bacterial biomass (11
%), especially in top 20-cm soils or no-till agro-ecosystems, but conservation tillage effects were non-significant
in sandy soils. Regardless of soil depth and tillage intensity, fungal-to-bacterial ratios did not greatly increase in
conservation tillage scenarios, but were significantly affected by soil texture. Conservation tillage was also as-
sociated with significant increases in soil total C and N, and reduced soil pH. Increases in soil total C were
positively associated with both fungal and bacterial biomass increases. Years under conservation tillage, time
between last convention tillage to soil sampling, may indirectly affect fungal and bacterial biomass through soil
C accumulation. Our meta-analysis demonstrates that soil fungi and bacteria both respond positively to con-
servation tillage and are significantly associated with soil C content increase.

1. Introduction

Soils contain the largest pool of total carbon (C) compared to at-
mosphere and biota (Lal and Kimble, 1997) and soil C sequestration,
the process that captures and stores C from atmosphere in terrestrial
ecosystems, has the potential to mitigate global warming by slowing
down the atmospheric accumulation of greenhouse gases released by
burning fossil fuels (Lal, 2005). The processes leading to soil C se-
questration and reduced turnover of soil organic C are largely mediated
by soil microbes (Van Groenigen et al., 2010) and fungi and bacteria,
comprising about 90 % of total soil microbial biomass, are primary
regulators of soil organic matter decomposition (Six et al., 2006). Soil
fungal and bacterial community composition can shift in response to
agricultural management practices, and this compositional change may
determine the rates of soil C accumulation and loss (Zhang et al., 2013).
Soil ecology studies have often used the ratio of fungal-to-bacterial

biomass as an indicator of successful ecosystem self-regulation
(Bardgett and McAlister, 1999), with biogeochemical pathways reg-
ulating nutrient turnover instead of reliance on N fertilizers, and soil
fungal-to-bacterial biomass ratios have been found to be especially
sensitive to the intensity of soil disturbance (Bailey et al., 2002). For
example, soil microbial communities with a relatively high fungal
biomass have been associated with low-input farming systems and with
the potential for soil C sequestration (Chen and Ruan, 2018; Van
Groenigen et al., 2010). This phenomenon has been attributed to the
abilities of fungal hyphae to produce organic substrates that act as or-
ganic binding agents adhering soil particles into micro-aggregates, and
thus provide for physical protection of soil organic matter (Beare et al.,
1997). Additionally, fungal biomass is generally more recalcitrant to
decomposition and has longer turnover times than bacteria, so micro-
bial biomass C is thought to be retained longer in fungal-dominated
ecosystems, potentially leading to greater C storage (Strickland and
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Rousk, 2010). Other mechanisms for carbon sequestration in un-
disturbed agroecosystems include greater organic matter binding to
inorganic clay particles (Blanco-Canqui and Lal, 2004), carbohydrate-
rich extracellular polysaccharides (EPS) produced from bacteria and
archaea that promote soil aggregate formation (Schimel and Schaeffer,
2012), and greater micro-niche formation and separation due to re-
duced disturbance (Zhang et al., 2013). Therefore, it is often postulated
that less intensively managed agro-ecosystems that encourage a soil
community dominated by fungal pathways of decomposition, are
thought to be more “self-regulated” and have greater C sequestration
potential (Bardgett and McAlister, 1999; Six et al., 2006).

Conservation tillage, i.e., no or reduced tillage, are tillage systems
that minimize the degree and frequency of tillage passes to reduce soil
aggregate disruption, and keep a minimum of 30 % of the soil surface
covered with residues for soil conservation (Singh et al., 2018). Along
with diverse crop rotations and the incorporation of cover crops, con-
servation tillage approaches are some of the key agricultural practices
widely implemented across cropping systems for the mitigation of soil
erosion and organic matter losses (Van Kessel et al., 2013). By devel-
oping a model based on published data, it was predicted that conver-
sion from conventional to conservation tillage from 27 % to 76 % of all
cultivated area in the U.S. from 1990 to 2020 would increase soil or-
ganic matter accumulation of 0.3-0.5 Pg C in total, equivalent to
0.7–1.1 % of the total projected CO2 emissions from fossil fuel com-
bustion for the 30 year period (Kern and Johnson, 1993). Compared to
conventional tillage, not only does conservation tillage protect soil
aggregate structure and reduce soil erosion and surface runoff, but it
also decreases the exposure of soil organic matter to extremes in en-
vironmental variation. Therefore, conservation tillage may slow the
decomposition and mineralization of soil organic matter, and thus
constrain greenhouse gas production (Lal and Kimble, 1997; Van Kessel
et al., 2013). In addition, it has been shown that reduced disturbance in
agro-ecosystems can promote microbial C-use efficiency (CUE) to re-
duce respiration, and thus increase soil C storage and stabilization
(Manzoni et al., 2012). Undisturbed soil conditions may also favor a
complete denitrification cycle (dinitrogen gas production), rather than
incomplete denitrification leading to the production of nitrous oxide
(Elmi et al., 2003). Consequently, how soil microbial community
structure, and especially fungal and bacterial biomass, responds to
conservation tillage practices may be of great importance in under-
standing and managing soil C stocks and greenhouse gas emissions.

The general consensus of research in this area has been that con-
ventional tillage encourages bacterial dominance in soil microbial
communities, while conservation tillage promotes fungal dominance
(Beare et al., 1997; Frey et al., 1999; Pankhurst et al., 2002; Six et al.,
2006; Strickland and Rousk, 2010; Van Groenigen et al., 2010). Three
main reasons have been proposed to explain why bacterial and fungal
biomass react differently in conventional-till and conservation-till
farming systems (Six et al., 2006). Firstly, conservation tillage favors
fungal growth due to the prevention of soil disturbance effects on
fungal hyphae, thus enhancing the establishment and maintenance of
extensive hyphal networks (Beare et al., 1997). In addition, increased
retention of soil moisture in conservation tillage soils may also greatly
influence soil bacteria and fungi either by directly favoring microbial
growth or indirectly changing substrate availability and detrital food
webs (Frey et al., 1999). Lastly, plant residue retention may alter re-
lative bacterial and fungal population sizes as it is thought that presence
of surface residues in conservation-till favors fungal growth (Beare
et al., 1997) and they can connect across the soil-residue interface
through their hyphal networks.

Prior studies have reviewed conservation tillage effects on soil or-
ganic C (Luo et al., 2010), overall microbial biomass C (Zuber and
Villamil, 2016), and greenhouse gas production (González-Sánchez
et al., 2012; Van Kessel et al., 2013), however review and synthesis
work to investigate how soil fungi and bacteria respond to conservation
tillage is lacking. Here, we conducted what is to our knowledge the first

global meta-analysis on the published literature to date to assess if
conservation tillage differentially promotes below-ground fungal or
bacterial biomass, and in turn, how this translates to soil fungal-to-
bacterial ratios. Specifically, we tested the following hypotheses: (1)
conservation tillage would promote overall soil microbial biomass in-
cluding both soil fungal and bacterial populations; (2) due to the in-
crease of both soil fungal and bacterial biomass in conservation-till
soils, tillage practices would not significantly modify the fungal-to-
bacterial ratios; (3) both fungal and bacterial abundance would exhibit
a positive correlation with soil C content as well as relationships to
other soil properties.

2. Materials and methods

2.1. Data collection

To investigate the effects of conservation tillage in comparison with
conventional tillage on soil fungal and bacterial biomass, we collected
data from peer-reviewed publications from 1994 to 2016 using the Web
of Science database for our literature survey and review. Search terms
included “no/reduced-till”, “conservation tillage”, “fungi”, “bacteria”,
and “microbial biomass”, etc. in the title, keyword, or abstract.
Conventional tillage is a tillage system that includes a sequence of soil
ploughing and harrowing to produce a fine seedbed for cultivation, and
removes plant residues from soil surface (Singh et al., 2018). The fol-
lowing additional criteria were applied to the results prior to inclusion:
(1) studies were at least one-year tillage field experiments conducted in
agro-ecosystems; (2) studies reported the means of fungal and bacterial
biomass for both conservation tillage treatments and conventional til-
lage controls. Generally in our dataset, the methods used to estimate
fungal and bacterial biomass are phospholipid-derived fatty acids
(PLFA) analysis, direct microscopic observation (MO) to count fungal
hyphal length or colony-forming units (CFU) after dilution of soil sus-
pension and staining, selective inhibition of substrate-induced respira-
tion (SIR), and biomarker-based quantitative polymerase chain reaction
(qPCR). From these publications, data on years between tillage and
sampling were included to assess how tillage treatment duration affects
fungal and bacterial biomass. Generally, most studies included in this
meta-analysis conducted soil sampling and analyses at or shortly after
harvest. However, if studies reported data from multiple time points
within one year, the average number across dates was used. This re-
sulted in a total of 60 publications for inclusion in the meta-analysis
database, which was comprised of 233 paired experimental observa-
tions that originated from 20 countries globally (Fig. 1, Supplementary
Table 1).

For fungal and bacterial biomass, means (M), standard deviations
(SD), and sample sizes (n) of both conservation tillage treatments and
conventional tillage controls were extracted. If only the standard errors
(SE) were given, SD was calculated as:

= √nSD SE (1)

While 78 % of studies (82 % of dataset) reported measures of
variability, for those studies missing both standard deviations and
standard error, the average coefficient of variation of the datasets with
known standard deviations was used (Dai et al., 2018). If studies also
reported total soil microbial biomass, fungal-to-bacterial (F:B) ratios,
soil total C and N, soil pH, and soil bulk density of both treatments and
controls, these data were also extracted to explain the effects of con-
servation tillage on fungal and bacterial biomass compared to con-
ventional tillage. If studies did not directly report data on overall soil
microbial biomass or F:B ratios, soil microbial biomass was calculated
as the sum of fungal and bacterial biomass, while F:B ratios were cal-
culated as fungal biomass divided by bacterial biomass. Most studies
reported data in tables that could be transferred into our database di-
rectly. However, when data was given only in figures, it was extracted
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using the software Data Thief (Bas Tummer, Eindhoven, The Nether-
lands).

2.2. Meta-analysis

Impacts of conservation tillage in comparison with conventional
tillage on soil fungal and bacterial biomass and soil properties were
evaluated using the treatment against the pairwise control (Chen et al.,
2013). The natural log-transformed response ratio was calculated as:

lnR= ln(Xt)− ln(Xc) (2)

where lnR denotes the natural log of response ratio and is defined as the
effect size, Xt and Xc are the means in the treatment and control groups,
respectively (Hedges and Olkin, 1985). The variance (v) is computed as:

= +
SD
n X

SD
n X

v t

t t

c

c c

2

2

2

2 (3)

where SDt and SDc are standard deviation of treatment and control
groups, and nt and nc are sample sizes of treatment and control groups,
respectively. The weighted response ratios and 95 % confidence inter-
vals were calculated using both MetaWin 2.0 (Rosenberg et al., 1999)
and the R package Metafor 2.0 (Viechtbauer, 2010). As between-study
heterogeneity measures are important to understand the quality of our
dataset, an analysis of the I2 statistic was also conducted (Higgins and
Thompson, 2002) to facilitate the interpretation of the heterogeneity
present in our dataset. Our results showed that fungal and bacterial
biomass had I2 (total heterogeneity/total variability) of 42.58 % and
62.93 %, respectively, indicating moderate to substantial heterogeneity
in our dataset. Funnel plots created using the funnel function in Metafor
to visually represent the heterogeneity and publication bias of our da-
tabase showed that the majority of our data points fell within the
asymmetric funnels (Supplementary Fig. S1), and the frequency dis-
tribution of weighted response ratio of soil microbial biomass, fungal
and bacterial biomass, and F:B ratios was unimodal (Supplementary
Fig. S2). Metafor was used together with MetaWin to account for the
non-independent sampling errors due to the inclusion of multiple stu-
dies. Specifically in Metafor a mixed-effect multivariate model was
constructed using the rma.mv function and restricted maximum

likelihood (REML) estimation to include study (i.e., publications used in
this meta-analysis) (Supplementary Table 1) as random factors in the
models. The conclusions from two meta-analysis approaches remained
the same, and thus only grand means and 95 % confidence interval of
effect sizes calculated by Metafor are reported.

In this meta-analysis, each categorical variable, i.e., soil microbial
biomass, fungal and bacterial biomass, F:B ratios, and the soil proper-
ties of soil C and N, soil pH, and bulk density was separated into groups
including: two soil depths, two tillage intensities, and three soil texture
categories, to examine if there were any significant differences in effect
size between groups. The two groups of soil depths (< 20 cm and>
20 cm) were chosen as typical plow depths, to assess if microbial bio-
mass reacts differently to tillage above and below the plow layer.
However, because plow layer properties and depths were quite different
among regions and cropping regimes, soil layers of< 20 cm and>20
cm are here referred "topsoil" and "subsoil" for the purposes of com-
parison. The two groups of conservation tillage intensity (no-till and
reduced-till) were used and we defined them as reported within each
publication but this of course also varied across the litereature.
Generally, reduced-till had a plow depth that was approximately half of
the conventional-till to reduce the tillage intensity and thus soil dis-
turbance. For soil texture, three categories were included: sandy (Sandy
loam/Loamy sand), loamy (Loam/Silt loam/Silty clay loam), and
clayey (Clay loam/Clay) soils. Because soil property information was
only available for a limited number of publications, grouping by soil
texture was only performed for categorical variables of soil microbial
biomass, fungal and bacterial biomass, and F:B ratios.

To access whether different methods used to determine fungal and
bacterial biomass influence the results of the meta-analysis, fungal and
bacterial biomass was also grouped by biomass quantification methods,
i.e., PLFA, MO, SIR, and qPCR. However, SIR and qPCR had very lim-
ited sample sizes, eight and five for SIR and qPCR, respectively
(Supplementary Table 1), so for the final analyses fungal and bacterial
biomass could only be compared between the PLFA and MO methods.

2.3. Statistics

For each categorical variable, total heterogeneity (QT) was parti-
tioned into within-group (Qw) and between-group (Qb) variations. The

Fig. 1. World map showing the distribution of 233 paired observations in 20 countries of gray color from 60 tillage studies in agro-ecosystems included in this meta-
analysis.
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Q statistic follows a Chi-square distribution with k-1 degrees of
freedom; here k is the number of paired observations between treat-
ments and controls for a categorical variable. The effect size was con-
sidered to be significantly positive or negative at α=0.05 level when
95 % CIs did not overlap zero (Gurevitch et al., 2018; Hedges et al.,
1999). The effect size results of lnR were also back-transformed and
reported as percentage change under treatments relative to controls:

(R− 1)× 100 % (4)

where R denotes the response ratio. Rank correlation tests and fail-safe
numbers were conducted to explore publication bias; both indicated no
publication bias for all categorical variables (Supplementary Table 2).

We also tested whether average local temperature and precipitation
patterns affect the response of fungal and bacterial biomass to con-
servation tillage by conducting a cumulative meta-analysis.
Specifically, mean annual temperature (MAT) and precipitation (MAP)
from each study location (Supplementary Table 1) were implemented
as independent variables to construct a continuous random-effect re-
gression model. MAT and MAP in studied sites were derived from the
WorldClim dataset (Fick and Hijmans, 2017). Furthermore, a linear
regression was constructed to examine the relationships between effect
sizes of soil C and those of fungal and bacterial biomass.

A structural equation model (SEM) was constructed using AMOS
25.0 (SPSS Inc., Armonk, NY, USA) to determine how tillage years and
the effect sizes of soil properties, such as soil C, pH, and bulk density
influence the effect sizes of fungal and bacterial biomass. All data were
tested for a normal distribution and log transformed if needed prior to
modeling. First, a full model including all possible factors was con-
structed. To find the best-fit model, nonsignificant pathways between
factors were iteratively removed, starting with the pathway with the
highest P value, until no non-significant pathways remained. To test the
overall goodness of fit for this SEM, a Chi-square test was conducted,
and a Chi-square value χ2 and P value as well as several goodness-of-fit
indices were calculated to validate the proposed model. The model was
thus considered to have a good fit when P>0.05, suggesting that the
proposed model produces a population covariance matrix that is con-
sistent with the sample covariance matrix (Schermelleh-Engel et al.,
2003).

3. Results and discussion

3.1. Response of fungal and bacterial biomass to conservation tillage

The grand mean of effect size (d++) of conservation tillage relative
to conventional tillage on soil microbial biomass was significantly
greater than zero (P < 0.05) (Fig. 2), indicating that conservation til-
lage, on average, enhanced soil microbial biomass by ∼37 % compared
to conventional tillage. However, the effect size was only significant in
soil depths of< 20 cm, which increased by 38 % (P < 0.05), but was
not significant in soil depths of deeper than 20 cm. The two con-
servation tillage intensity levels of no-till and reduced-till both showed
significant increase of soil microbial biomass at 38 % and 32 %, re-
spectively (P < 0.05).

Increases in overall soil microbial biomass in the topsoil layers
under conservation tillage has been observed in many geographic lo-
cations and agroecosystem types (Frey et al., 1999; Helgason et al.,
2009; Jiang et al., 2011; Minoshima et al., 2007; Spedding et al., 2004;
Van Groenigen et al., 2010; White and Rice, 2009; Zhang et al., 2014).
In both no-till and reduced-till systems, more crop residues are left at
the soil surface than conventional-till, leading to increased C substrate
availability, and thus likely the enhancement of soil microbial biomass
in topsoils (Zhang et al., 2014). However, compared to topsoils, deeper
soil layers might experience a reduction in incorporated residues under
conservation tillage (Frey et al., 1999), and thus positive conservation
tillage effects on soil microbial biomass have mostly been reported in

the upper soil layers (Van Groenigen et al., 2010). Greater residue
coverage on topsoils also can increase soil water holding capacity, and
result in less fluctuation in moisture content and temperature in con-
servation-tillage soils (Lienhard et al., 2013). It has been reported that
moisture content in the 0−5 cm layer with no-till is significantly higher
than other treatments (Helgason et al., 2009); conventional tillage may
have lower microbial biomass due to reduced soil moisture, and
changing soil temperature and humidity (Horwath, 2003). Perhaps
more importantly, conventional tillage may ultimately change micro-
bial biomass due to the direct change in soil macro-aggregate structure.
It has been shown that conventional tillage can lead to a 67 % decrease
in the proportion of macro-aggregates with corresponding reductions of
soil microbial biomass (Jiang et al., 2011). Our analyses are also con-
sistent to the only previous meta-analysis study that explored the effects
of various tillage practices on microbial biomass C (Zuber and Villamil,
2016) and showed that conventional tillage techniques reduced mi-
crobial biomass C when compared to no-till systems.

The overall responses of fungal and bacterial biomass to conserva-
tion tillage were significantly positive, at approximately 31 % and 11 %
increase, respectively, in soils with conservation tillage (P < 0.05)
(Fig. 3), showing that both fungi and bacteria contributed positively to
the increased microbial biomass from conservation tillage. However,
the effect sizes were only significantly positive in soil depths of top
20 cm, in which fungal and bacterial biomass significantly increased by
33 % and 13 % (P < 0.05), respectively, while there were significantly
negative effects on both fungi and bacteria by conservation tillage in
soil depths of deeper than 20 cm (P < 0.05). Although tillage intensity
did not change the effects of conservation tillage on fungal biomass,
positive effect sizes on bacterial biomass were not found in reduced-till
treatments.

Our global meta-analysis confirmed a significant increase in both
bacterial and fungal populations in top 20-cm soil depths by 33 % and
13 % (P < 0.05), respectively, regardless of intensity in conservation-
till agro-ecosystems, which was in agreement with many field studies
reporting an increased biomass of both fungi and bacteria under no-till
scenarios (Helgason et al., 2009; Jiang et al., 2011; Minoshima et al.,
2007; Toyota et al., 2013; Van Groenigen et al., 2010; White and Rice,
2009). The increase of bacterial biomass by 13 % in upper 20-cm soils
suggests that soil conditions created by conservation tillage may like-
wise be suitable for bacteria as well, although perhaps to a lesser degree
when compared to fungi. Plant residue placement on the soil surface
can ameliorate large fluctuations in soil temperature and humidity

Fig. 2. Effects of conservation tillage, i.e., no/reduced tillage compared to
conventional tillage on soil microbial biomass, grouped by soil depths of<
20 cm and>20 cm, and tillage intensity of no-till and reduced-till. Data are
expressed as mean effect size with 95 % confidence intervals. Percentage
change for means and observation numbers for the category and each group are
given in parentheses. Asterisks indicate P < 0.05; N.S. indicates not sig-
nificant.
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(Frey et al., 1999), which could indeed be favorable to soil bacterial
communities. For example, it has been shown that fungal communities
remain more compositionally consistent across temperature and
moisture changes than bacterial communities (Bell et al., 2009). Ad-
ditionally, soil environments dominated by fungi may also promote
bacterial growth, as fungi in terrestrial ecosystems act as ecosystem
engineers by creating novel niche space for bacteria (Boer et al., 2005).
This global synthesis suggests that conservation tillage practices do not
necessarily select for fungal growth only, but do promote overall
greater microbial growth for both bacteria and fungi. Therefore, future
studies of reduced-disturbance agricultural management, such as con-
servation tillage, should focus on both fungi and bacterial responses.
These findings have important implications for advancing our under-
standing of microbe-carbon cycling feedbacks across global agro-eco-
systems implementing no-till practices.

In tests as to whether the response ratios of fungal and bacterial
biomass significantly differed between PLFA and MO methods, our re-
sults showed that there was no significant between-group heterogeneity
for either fungal (QChi-square = 0.09, PBetween= 0.77) or bacterial (QChi-

square = 0.83, PBetween= 0.36) biomass determination methods, in-
dicating that different biomass quantification methods likely had little
to no influence on the results of this meta-analysis. Variation in mi-
crobial abundance may be due to local climatic conditions, specifically
moisture and temperature differences, which may be an important
driver of microbial abundance. To find out whether average local
temperature and precipitation influence the response of fungal and
bacterial biomass to conservation tillage, our results of a cumulative
continuous meta-analysis showed that fungal and bacterial biomass
were not significantly associated with either MAT (QFungi = 0.22,
PFungi = 0.64; QBacteria = 0.01 PBacteria = 0.93) or MAP (QFungi = 0.30,
PFungi = 0.58; QBacteria = 1.21 PBacteria = 0.27), so the variation attrib-
uted to our large-scale estimates of climate on microbial biomass was
not supportive of a significant role in this meta-analysis. However these

interpolated climatic data used here must be approached with a greater
degree of caution than direct observations of infield conditions, that
was not consistently available from the published studies.

Fungal-to-bacterial biomass (F:B) ratios were not significantly af-
fected by conservation tillage, even with an increase of the mean effect
size by 13–14 % in soil depths of top 20 cm (Fig. 4). However, our
results should not be interpreted to necessarily deemphasize the im-
portance of fungi in soil C sequestration. Some studies (Helgason et al.,
2009) have suggested that even without an increased fungal-to-bac-
terial abundance, fungal communities were still relatively more im-
portant for soil organic matter decomposition as the key driver of C
accumulation in no-till systems, due to dominance of fungal enzyme
activity in litter decomposition (Voříšková and Baldrian, 2013). While
the F:B ratio may be a commonly used indicator in soil ecology
(Lienhard et al., 2013), our compiled evidence analysis supports that
not only fungal but also bacterial biomass appears to be favored by
conservation tillage conditions.

While overall F:B ratio was not significantly enhanced by con-
servation tillage in our analyses, it remains likely that shifts in the
composition within both the bacterial and fungal community could be
driven by conservation tillage practices (Yin et al., 2010). Using pyr-
osequencing of the 16S rRNA gene, it has been shown that the relative
abundance of several bacterial phyla were significantly altered under
limited tillage compared with traditional tillage (Navarro-Noya et al.,
2013). Indeed, microbial compositional changes are often associated
with shifts in ecological conditions and processes in soils, perhaps more
so than microbial abundance (Liu et al., 2018). Both fungal and bac-
terial community composition may be altered by varying tillage in-
tensity, but some evidence suggests soil bacterial communities may be
more responsive than fungal communities (Hartman et al., 2018).
Others have reported that no-till approaches typically increase the re-
lative abundance of Acidobacteria and reduces other bacterial phyla
(Sengupta and Dick, 2015), while still others showed that Acidobacteria
are repressed by conservation tillage (Dong et al., 2017). In the face of
such contradictory conclusions, additional research is necessary to
elucidate the interactions of fungal and bacterial community dynamics
and how they are affected by conservation tillage practices. Such stu-
dies should incorporate both microbial biomass and more fine grained
compositional information on fungal and bacterial taxa, as well as C
sequestration potential to reveal the relative importance of microbial
structure contributing to soil function in agro-ecosystems.

Fig. 3. Effects of conservation tillage, i.e., no/reduced tillage compared to
conventional tillage on fungal and bacterial biomass, grouped by soil depths
of< 20 cm and>20 cm, and tillage intensity of no-till and reduced-till. Data
are expressed as mean effect size with 95 % confidence intervals. Percentage
change for means and observation numbers for the category and each group are
given in parentheses. Asterisks indicate P < 0.05; N.S. indicates not sig-
nificant.

Fig. 4. Effects of conservation tillage, i.e., no/reduced tillage compared to
conventional tillage on fungi-to-bacteria (F:B) ratios, grouped by soil depths
of< 20 cm and>20 cm and tillage intensity of no-till and reduced-till. Data
are expressed as mean effect size with 95 % confidence intervals. Percentage
change for means and observation numbers for the category and each group are
given in parentheses. Asterisks indicate P < 0.05; N.S. indicates not sig-
nificant.
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3.2. Effect sizes of fungal and bacterial biomass are influenced by soil
texture

Generally, the effect sizes of conservation tillage on soil microbial

biomass, fungal and bacterial biomass were significantly positive in
loamy soils (P < 0.05) (including loam, silt loam, and silty clay loam),
but not significant in sandy soils (P > 0.05) (including loamy sand and
sandy loam) (Fig. 5). Additionally, the effect sizes on fungal biomass
were greater in clayey soils (including clay loam and clay) (P < 0.05).
Correspondingly the effect sizes of F:B ratios were significantly positive
in clayey soils, but significantly negative in loamy soils (P < 0.05).

The relatively reduced impact of conservation tillage on soil mi-
crobial biomass in sandy soils has also been reported in other studies
(Cookson et al., 2008; Spedding et al., 2004). It has been posited that
coarse soil textures may constrain the effects of conservation tillage on
labile C pools, including soil microbial C and extractable C (Spedding
et al., 2004), because soils rich in silt and clay have greater initial
amounts of organic matter, which could protect microbial biomass from
being disrupted by tillage disturbance. The high percentage of sand,
and the resulting lack of soil structure, may thus lead to little protected
organic matter in soil aggregates, so that although conservation tillage
management may increase soil microbial biomass in coarse textured
soils in the short term, the capacity for further increases in a long term
may be reduced (Cookson et al., 2008). However, the greater increase
of bacteria than fungi in loamy soils, and the negative response of F:B
ratios, further indicate that bacteria could contribute to microbial
biomass increases even more than fungi under these soil conditions.
Thus, future soil research of tillage practices should include data of soil
texture that can be potentially used to improve our capability to predict
fungal and bacterial biomass changes under varying soil conditions.

3.3. Response of soil C, N, pH, and bulk density to conservation tillage

In studies that reported data on soil properties, such as soil total C
and N, soil pH, and bulk density, the effect sizes were also calculated to
further examine their association with fungal and bacterial biomass as
driven by conservation tillage. In total, there were 152 and 95 ob-
servation pairs measuring soil total C and N, respectively (Fig. 6). Re-
gardless of soil depths and tillage intensity, conservation-tillage sig-
nificantly promoted soil total C and N by 22 % in comparison with
conventional tillage (P < 0.05). The effect sizes on soil C at soil depths

Fig. 5. Effects of conservation tillage, i.e., no/
reduced tillage compared to conventional til-
lage on soil microbial biomass, fungal and
bacterial biomass, and fungi-to-bacteria (F:B)
ratios, grouped by three soil texture categories.
Data are expressed as mean effect size with 95
% confidence intervals. Percentage change for
means and observation numbers for the cate-
gory and each group are given in parentheses.
Asterisks indicate P < 0.05; N.S. indicates not
significant.

Fig. 6. Effects of conservation tillage, i.e., no/reduced tillage compared to
conventional tillage on soil total C and N contents, grouped by soil depths
of< 20 cm and>20 cm, and tillage intensity of no-till and reduced-till. Data
are expressed as mean effect size with 95 % confidence intervals. Percentage
change for means and observation numbers for the category and each group are
given in parentheses. Asterisks indicate P < 0.05; N.S. indicates not sig-
nificant.
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greater than 20 cm were not significant, while the positive effects of
conservation tillage on soil N were significant in both soil depth ranges
(P < 0.05). However, soil N in subsoils consisted only of 4 observa-
tions and thus this difference between soil C and N responding to
conservation tillage in subsoils might be due to sampling bias. Tillage
intensity did not influence the effect sizes of soil C and N, indicating
that even reduced tillage can result in nearly equal enhancement of soil
C and N contents as no-till scenarios.

There were strong positive relationships between effect sizes of
conservation tillage on soil total C versus effect sizes of conservation
tillage on soil microbial biomass, including both fungal and bacterial
biomass (P < 0.0001, n=152) (Supplementary Fig. S3), with fungal
and bacterial biomass having similar slopes. These results confirm the
value of microbial biomass as an indicator of enhanced soil C under
conservation tillage. It is generally acknowledged that changes in soil
microbial biomass could reflect conditions affecting the accumulation
of soil organic matter (Minoshima et al., 2007), which could be also
attributed to the deposition and accumulation of plant residues in
surface soil (Jiang et al., 2011). A positive correlation between soil
microbial biomass and soil total C has been found frequently
(Minoshima et al., 2007), but our demonstration of similar responses of
both fungal and bacterial biomass with soil total C increase is novel.
These results support our working hypothesis that both fungal and
bacterial communities are associated with soil C increase as a result of
transition from conventional to conservation-till managed ecosystems.

Overall, our dataset contained 61 and 31 paired observations of
changes in soil pH and bulk density, respectively. Specifically, soil pH
was modestly, but significantly reduced by 3 % under conservation
tillage (P < 0.05) (Supplementary Fig. S4), which was independent of
soil depths and tillage intensity. Soil bulk density also significantly
increased under conservation tillage relative to conventional tillage
practices, but only in no-till agro-ecosystems. Although the effect size of
bulk density was negative in soil depths below 20 cm, there were only 2
paired observations available and thus the significance of the results is
questionable. Most studies have reported no significant change in soil
pH among different tillage management scenarios (Frey et al., 1999;
Minoshima et al., 2007; Pankhurst et al., 2002). Surprisingly, in our
meta-analysis, there was a minor but consistent reduction of soil pH in
both depths of no-till and reduced-till soils. It has been also found that
surface soil pH decreased with increasing tillage, which could be at-
tributed to greater incorporation of lime that is often also applied at
tillage (Cookson et al., 2008). Moreover, base cations might be dis-
tributed deeper in the soil layers with ploughing in conventional tillage
when compared to conservation tillage where they may remain on the
surface (Lewis et al., 2011). Generally, it is thought that a more acidic
soil environments might favor ecological niches for fungi over bacteria
as it is often reported that fungal communities dominate over bacteria
under lower pH conditions (Chen et al., 2015; Rousk et al., 2010a,
2009, 2010b). However, caution should be taken that the reduction of
soil pH by only 3 % found in our study may have very limited effects on
microbial communities. Besides the decrease in soil pH, we also ob-
served a significant increase by 4 % in soil bulk density in the no-till
soils in our study. In an undisturbed soil environment, the heavy
rainfall and consequential soil wetting-drying cycles might be re-
sponsible for the general increase in soil bulk density under conserva-
tion tillage (Osunbitan et al., 2005). Alternatively, the change of soil
physical and chemical properties due to management practices may be
linked to the shift of microbial abundances in conservation-tilled soils.

3.4. Effect sizes of fungal and bacterial biomass as influenced by tillage
years

There was no significant effect of the number of years under con-
servation tillage on the microbial biomass effect sizes, suggesting that
both fungal and bacterial biomass may quickly respond to conservation
tillage and that the rapid growth rates of fungal and bacterial biomass

may be an important consideration and indicator for management
changes (Kallenbach and Grandy, 2011), such as reduced-tillage and
residue incorporation, even before measurable changes of soil total C
(Carter, 1991). We constructed a structural equation model (SEM) to
further investigate how tillage years influence the effect sizes of fungal
and bacterial biomass through changing soil properties. Our results
showed that neither fungal nor bacterial biomass was directly affected
by tillage years (Fig. 7). Instead, tillage years played an indirect role in
driving the effect sizes of fungal and bacterial biomass through soil total
C (P < 0.001). Therefore, our results suggest that regardless of the
dynamic response of fungal and bacterial biomass, the build-up of soil
total C pools depends on the numbers of years under conservation til-
lage. The SEM indicates that bulk density increases under conservation
tillage may also have a direct positive effects on fungal and bacterial
biomass (P < 0.01) and that the reduction of soil pH by conservation
tillage was further enhanced over tillage years (P < 0.05). Our SEM
model indicated that neither in a direct relationship, nor through
modifying soil pH or bulk density, did conservation tillage years affect
fungal and bacterial biomass. However, the positive relationship be-
tween soil total C and soil microbial biomass to conservation tillage
further demonstrates that both fungi and bacteria are likely associated
with soil C increases.

4. Conclusions

The meta-analysis approach implemented in this study has brought
some new insights into how fungal and bacterial biomass and soil C
storage are influenced by conservation tillage practices. Firstly, not only
fungal, but also bacterial biomass clearly benefits from conservation
tillage management, especially in top soils, as both fungi and bacteria
significantly contributed to the enhancement of soil microbial biomass
and were associated with total soil C increases. However the positive
effects of conservation tillage on soil microbial biomass, including both
fungi and bacteria, were absent in soils with coarse sandy textures.
These data also challenge the viewpoint that conservation tillage
practices result in fungal dominated ecosystems, as we found that in-
creases of fungal-to-bacterial biomass ratios were not significant under
conservation tillage practices no matter the soil depth and tillage in-
tensity. Contrastingly in loamy soils we show that bacteria responded
more significantly to tillage practices than fungi and result in a re-
duction of F:B ratios. Future studies of tillage management practices
should thus not be only concerned with conditions that favor fungi, but
also pay close attention to bacteria. While fungi are undoubtedly in-
volved in the dynamics of soil organic matter formation and decom-
position, it seems possible that bacteria benefit both directly and in-
directly and that a soil environment favorable for fungal growth likely

Fig. 7. Structural equation model (SEM) depicting the direct and indirect ef-
fects of tillage years and the effect sizes of soil total C, pH, and bulk density on
the effect sizes of fungal and bacterial biomass. The numbers associated with
single-headed arrows are standardized path coefficients (***P < 0.001,
**P < 0.01, *P < 0.05). Nonsignificant factors and pathways were elimi-
nated. R2 represent the amount of variation explained by all paths. To show the
overall goodness of fit for this SEM, χ2 and P value were given as the model has
a good fit when P > 0.05.
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promotes bacterial growth as well. However, the lack of significant
fungal-to-bacterial ratio changes under conservation tillage does not
necessarily mean that the phylogenetic and functional class distribu-
tions of fungi and bacteria will remain stable during the transition from
conventional to conservation tillage practices, and thus future work
should target a greater understanding of microbial community com-
position using high-resolution DNA sequencing or other methods to
pinpoint the specific microbial groups responsive to sustainable agri-
cultural practices.
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