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ARTICLE INFO ABSTRACT
Editor: Jay Gan Environmental disturbances such as drought can impact soil health and the resistance (ability to withstand
environmental stress) and resilience (ability to recover functional and structural integrity after stress) of soil
Keywords: microbial functional activities. A paucity of information exists on the impact of drought on soil microbiome and
Drought stress how soil biological systems respond to and demonstrate resilience to drought stress. To address this, we con-

Soil organic matter
Soil texture

Soil pH

Microbial respiration
Microbial biomass

ducted a systematic review and meta-analysis (using only laboratory studies) to assess the response of soil mi-
crobial biomass and respiration to drought stress across agriculture, forest, and grassland ecosystems. The meta-
analysis revealed an overall negative response of microbial biomass in resistance (—31.6 %) and resilience (0.3
%) to drought, suggesting a decrease in soil microbial biomass content. Soil microbial respiration also showed a
negative response in resistance to drought stress indicating a decrease in soil microbial respiration in agriculture
(—17.5 %), forest (—64.0 %), and grassland (—65.5 %) ecosystems. However, it showed a positive response in
resilience to drought, suggesting an effective recovery in microbial respiration post-drought. Soil organic carbon
(SOQ), clay content, and pH were the main regulating factors of the responses of soil microbial biomass and
respiration to drought. In agriculture ecosystem, soil pH was primarily correlated with soil microbial respiration
resistance and resilience to drought, potentially influenced by frequent land preparation and fertilizer
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applications, while in forest ecosystem SOC, clay content, and pH significantly impacted microbial biomass and
respiration resistance and resilience. In grassland ecosystem, SOC was strongly associated with biomass resilience
to drought. The impact of drought stress on soil microbiome showed different patterns in natural and agriculture
ecosystems, and the magnitude of microbial functional responses regulated by soil intrinsic properties. This study
highlighted the importance of understanding the role of soil properties in shaping microbial responses to drought
stress for better ecosystem management.

1. Introduction

Soil is a diverse mix of minerals, organic matter, and a network of
water- and air-filled pore spaces which hosts a range of organisms from
micro to macro scales (Joos and De Tender, 2022). Drought stress can
significantly influence physicochemical and biological properties of soil
and alter soil functions. The concepts of ‘soil resistance’ and ‘soil resil-
ience’ assess the influence of environmental stresses on soil sustain-
ability (Griffiths and Philippot, 2013; Silva et al., 2013). The term ‘soil
resistance’, evaluates the capacity of a soil to sustain environmental and
anthropogenic pressures, while maintaining its functions (de Vries et al.,
2012; Isbell et al., 2015). Conversely, ‘soil resilience’ denotes the ca-
pacity of a soil to recover its functional (e.g., microbial activity,
decomposition of organic matter, and nutrient cycling) and structural (e.
g., soil aggregate stability, and porosity) integrity to original status
(similar level of function) after experiencing a specific disturbance
(Griffiths et al., 2008; Li et al., 2019; Quinlan et al., 2016; Schwalm
etal., 2017). The resistance and resilience of soil functional properties to
environmental stresses can be assessed by comparing the response var-
iables of the target function relative to that of undisturbed soil (Orwin
and Wardle, 2004). Fig. 1 summarizes the soil properties and mecha-
nisms that are responsible for regulating the resistance and resilience of
soil ecosystem to drought stress.

Microbial biomass and respiration represent vital components in soil
health, actively contributing to nutrient cycling, organic matter
decomposition, and overall ecosystem productivity (Babur et al., 2022).
Drought stress significantly impacts microbial biomass and respiration
in soil ecosystems. Soil bacterial and fungal communities respond
differently to long-term drought history, with certain fungi being more

drought-tolerant due to unique features like chitinous cell walls and
hyphal growth (Barnard et al., 2013; Preece et al., 2019; Wan et al.,
2023). The chitinous cell wall present in the fungi will increase the
resistance to environmental perturbations and the characteristic nature
of hyphal growth enabling fungi to penetrate small areas of dry soil and
survive the stress (Ene et al., 2015; Sun et al., 2020). Long-term drought
can cause acclimatization of soil microbial communities and create a
drought-tolerant fungal-dominated microbial community (Dacal et al.,
2022; Leizeaga et al., 2021). However, regions with consistent soil
moisture history (i.e., no history of drought) may develop a microbiome
sensitive to moisture due to changes in soil microbial biomass and
composition (Wang and Allison, 2021). Additionally, reduced soil
moisture restricts the diffusion of oxygen, crucial for microbial respi-
ration processes. As a result, microbial respiration, tends to decrease
during drought periods (Barnard et al., 2013; Liu et al., 2023). These
alterations in microbial biomass and reduced respiration rates can pro-
foundly influence the overall nutrient cycling and carbon sequestration
processes within the soil profile, potentially impacting the long-term
fertility and health of the soil ecosystem.

Human interventions in soil management play a pivotal role in
shaping not only soil properties but also microbial biomass and respi-
ration, influencing the overall resilience of soil microbial communities
to drought stress. In recent decades, intensive agricultural practices (e.
g., use of heavy machinery, large-scale farming with monocropping,
excessive usage of chemical fertilizers) have contributed to many
negative environmental impacts, including widespread degradation of
fertile soils (Akamani, 2021; Kibblewhite et al., 2008). Changes in
agricultural practices and land-use alterations have been shown to have
profound effects on the quantity and diversity of soil microbial
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Fig. 1. The properties and mechanisms that are responsible for regulating the resistance and resilience of soil ecosystem to drought stress.
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populations (McKinley, 2019). Currently, many farming systems are
interested in using ecosystem-based management practices (sustainable
management practices) to enhance soil health and resilience.
Ecosystem-based management is considered as an integrated manage-
ment of resources (i.e., land, water, and living beings) that enhances
conservation and sustainable use. These practices are designed to foster
soil health and productivity while balancing nutrient requirements for
crop growth (Abdourahamane Illiassou and Oeba, 2020; Delacamara
et al., 2020). Soil biological resilience is a collective output of past and
present soil management, as well as the prospect of possible soil re-
sponses to future disturbances (Ludwig et al., 2018). Therefore, human
interventions and management practices, ranging from agricultural
techniques to land management strategies, significantly influence soil
properties and microbial diversity. The way these practices alter soil
conditions can either support or undermine microbial resilience to
drought stress.

The changes in soil microbial biomass and respiration are inevitable
with historical climatic events (i.e., frequent and prolonged periods of
drought worldwide) which ultimately influence the bioavailability of
soil carbon and nutrients. Thus, employing a systematic review and
meta-analysis, this study aimed to evaluate the influence of drought
stress on soil microbial functional characteristics (microbial biomass,
and microbial respiration) and performance (resistance, and resilience
to disturbance). Further, we explored the role of edaphic variables and
management practices in regulating soil microbial resilience to drought
stress. This may enable future land management practices to consider
factors that promote soil resistance and resilience under drought con-
ditions to maximize productivity during and post-drought periods.

2. Methods
2.1. Study selection

The research for this meta-analysis was retrieved from Web of Sci-
ence databases for the period between 2000 and 2023 using the search
terms “drought” AND “microbial” AND “resilience” AND “resistance”
AND “soil”. We first screened the titles, abstracts and methods sections
of peer-reviewed publications returned from searches for appropriate-
ness considering drought's effects on microbial biomass and respiration.
Our search initially yielded in 167 papers spanning from 2000 to 2023.
Following title and abstract screening, 56 papers were selected, and
ultimately, 17 articles (only laboratory studies) were chosen for the
meta-analysis through full-text screening. The eligibility criteria for in-
clusion of the studies in the meta-analysis were considered during full
text screening. The criteria included: (i) The studies must contain in-
formation on microbial respiration and microbial biomass data, (ii) The
studies should have clearly defined treatment (drought stress) and
control (no stress) groups, (iii) The studies should report standard error
or are able to convert the data to standard error, (iv) The study must be a
primary study (Grados et al., 2022; Zhang et al., 2021). Based on the
minimum requirement of a reliable comparison of drought stress effect
on microbial biomass and respiration during resistance and resilience
phases, 17 studies were then selected. The data reported in field ex-
periments were not included in the analysis, as this study focused on the
nature of microbial change only affected by drought stress. Field data
could be affected by many other factors other than the drought stress, as
control conditions cannot be implemented under field conditions
(Table S1).

2.2. Data acquisition

Relevant data on soil texture, pH (H20/KCl), and soil organic carbon
content (SOC) were extracted from the figures and tables of the selected
studies (Table S2). “PlotDigitizer” was used to extract relevant data
points when data was provided in graphical format. The measurements
were standardized to common units. Microbial biomass was reported in
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g kg ™! soil, and microbial respiration was reported in pug CO»-C g~ soil
h™!. When soil organic matter content was provided, the following
formula was used to calculate the SOC content:

Soil organic carbon (SOC, %) = Soil organic matter (SOM, %) / 1.724
(Rashti et al., 2015).

The resistance (RS) and resilience (RL) indexes were calculated
where necessary (i.e., to calculate the indexes using the mean values
provided in the manuscript) using the following formulas (Orwin and
Wardle, 2004):

Resistance (RS) = 1 —[(2 X |Dy])/(Cis + D) ]
Resilience (RL) = [(2 X |Dy|)/(|Ds| + [Da]) ] — 1

where Dy, is the difference between soil response (i.e., microbial biomass
or respiration) value in the control condition (C;5) and the stressed
condition at the end of the RS phase. Dy is the difference between soil
response (i.e., microbial biomass or respiration) value in the control
condition and the stressed condition at the end of the RL phase. The
values of RS and RL indices range between —1 and +1. The value of +1
indicates the maximum RS (no impact of stress) or RL (complete re-
covery from the stress), and lower values indicate less RS or RL of soil
microbial biomass and respiration to drought stress. Negative values of
the RS index indicate a change >100 % in the response variable
compared with that in the control condition. If the absolute value of Dy
becomes higher than the absolute value of Dy, then the RL index will
have a negative value. Mathematically, the RL index of control condition
will be infinitely close to +1, while it has been considered as +1 in the
RL equation.

2.3. Statistical analysis

The meta-analysis was conducted using the OrchaRd 2.0 function in
R to synthesize data from multiple studies (i.e., sample size, means,
standard deviation). First, standardized mean difference (SMD) of the
parameters (i.e., microbial biomass and respiration) between the control
(without stress) and the treatment (drought stress) was used to calculate
the effect size (Nakagawa et al., 2021). Subsequently, the meta-analysis
was conducted using the ‘mod_results’ function, which facilitated the
combination of effect sizes across studies using random-effects model.
Heterogeneity among studies was assessed using statistical measures
such as the Q statistic and I?. I? values of 25 %, 50 %, and 75 %
considered as low, moderate, and high heterogeneity, respectively
(Dougherty, 2023). If the 95 % confidence interval (CI) did not contain
zero, the mean difference within the group was considered significant
(null hypothesis). In addition to the overall analysis, the effect of po-
tential moderator, soil intrinsic properties (i.e., SOC%, Clay% and pH),
and type of land use (i.e., Agriculture, Forest and Grassland) on micro-
bial biomass and respiration was analysed during drought stress and
upon releasing the drought stress. To analyse the impact of different
moderators, a meta-regression model was conducted including one
moderator at a time as a fixed effect, considering it as either categorical
or continuous. Each moderator was examined in a separate model and
did not assess interactions between the moderators (Nakagawa et al.,
2021). The Qy statistics was used to assess significance of each
moderator on the response of microbial attributes to drought stress. The
Orchard plot summarised the meta-analysis by indicating whether the
overall or subgroup effect was based on many or few studies, and
whether studies differed significantly. Publication bias was assessed
using the funnel plot asymmetry (Fig. S1). A one-way ANOVA was
performed to compare the mean resistance and resilience indexes for
microbial biomass and respiration among different land uses (i.e.,
Agriculture, Forest, and Grassland) followed by Tukey's HSD. Regression
analysis followed by a Principal Component Analysis of the soil intrinsic
properties affecting the resistance and resilience index was conducted
using the SPSS statistical package.
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3. Results and discussion
3.1. Resistance and resilience of soil microbial biomass to drought stress

Soil microbial biomass carbon as an indicator of heterotrophic
respiration (decomposition of soil organic matter by microorganisms) is
a crucial component of soil ecosystem and is responsible for many
important functions such as nutrient cycling and soil structure forma-
tion. The meta-analysis of the effect of drought stress on soil microbial
biomass indicated that the observed standardized mean differences be-
tween control and drought treatments on the resistance of soil microbial
biomass was negative (—1.58, 95%CI [—2.19, —0.97]) and statistically
significant (p < 0.0001, Fig. 2a). According to the Q-test, the true out-
comes were heterogeneous (Q = 87.14, p < 0.0001, =59 %), and the
linear regression test indicated no funnel plot asymmetry (p = 0.04;
Fig. S1a). The test of the moderator variable (land use) was not signif-
icant (p = 0.51, Fig. 2b) and the estimated mean effects were negative
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for all three land use types, suggesting that mean biomass value in
control was higher than the drought treatment. The mean effect sized
was lower in forest ecosystem (—2.28) compared to agriculture (—1.42)
and grassland (—1.42) ecosystems.

The analysis for resilience of microbial biomass to drought stress
showed that the overall standard mean difference between control and
drought treatments was not significantly different from zero (p = 0.93,
Fig. 2c). However, we observed both positive and negative effects of
drought stress on microbial biomass resilience. According to the Q-test,
the true outcomes were heterogeneous (Q = 66.95, p < 0.0001, 2=70
%), and there was no funnel plot asymmetry according to the linear
regression test (p = 0.48, Fig. S1b). Additionally, the type of land use
had no effect on microbial biomass resistance to drought stress (p =
0.96, Fig. 2d). The overall effect size for agriculture and forest ecosys-
tems were —0.06, 95 % CI [-1.02, 0.91] and —0.11, 95 % CI [-1.79,
1.571], respectively.

Resistance index of soil microbial biomass to drought stress for all
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Fig. 2. Orchard plots of the meta-analytic model showing the overall response of microbial biomass to drought between the control and treatment during resistance
(a) and resilience (c) phases and meta-regression model showing the effect of land use type on resistance (b) and resilience (d) of microbial biomass to drought. Mean
effect sizes with 95 % confidence intervals (bold lines) are shown in the middle of the dot charts, where individual dots are individual (i.e., different data points in the
studies) effect sizes. The size of dots shows the precision (inverse of standard error) of the effect size estimate. Negative effect sizes larger values in control, while

positive values mark larger values in treatment in the respective parameter.
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three assessed ecosystems (agriculture, forest, and grassland) ranged
from —0.32 to 1 with 65 % showed values higher than 0.5 (Fig. S3a).
Resilience index of soil microbial biomass ranged from —1 to 0.96 with
42 % showed values higher than 0.5 (Fig. S3b). Overall, the resistance
indices of soil microbial biomass to drought stress showed the order of
agriculture (0.63) > forest (0.56) > grassland (0.53) while resilience
was forest (0.44) > grassland (0.25) > agriculture (0.22). (Table 1). We
further observed that grassland ecosystem separated from the agricul-
ture and forest ecosystems for the resistance and resilience index of the
microbial biomass (Fig. 4a and b).

Drought stress can have a significant effect on soil microbial com-
munities (e.g., cell desiccation and lysis, or denaturation of microbial
enzymes), which in turn can affect soil processes and ecosystem func-
tioning (Berard et al., 2011; Goransson et al., 2013). Previous studies
revealed both positive (due to release of labile C, N, and P via soil
aggregate breakdown) and negative (due to stress-sensitive microor-
ganisms) responses of microbial biomass to drying/wetting cycles
(Guillot et al., 2019; Huang et al., 2020). Nevertheless, Homyak et al.
(2017) reported possible mechanisms for increasing microbial biomass
under drought conditions, such as changes in the composition of soil
microbial communities; their transition into dormant states; or domi-
nance of fungal communities capable of withstanding drought. Drought-
tolerant microorganisms may therefore demonstrate metabolic changes,
osmotic regulatory mechanisms, or alternative nutrient acquisition
strategies that allow them to use bioavailable resources more efficiently
and maintain growth and biomass production under drought condition.
Therefore, drought stress triggers diverse microbial responses, encom-
passing both positive (increased biomass production) and negative
(reduced biomass) outcomes.

Intensive land management practices - such as agricultural use - can
shift the distribution of soil microbial biomass to bacterial, rather than
fungal, dominated species (De Vries et al., 2013). Soil fungi are generally
more resistant to drought stress, than soil bacteria, due to their thicker
cell walls, sporulation activity and higher capacity to access water and
nutrients under stress through fungal hyphae (Barnard et al., 2013;
Schimel, 2018). In contrast, soil bacteria are more resilient to drought
stress due to their rapid growth and reproduction capacity (de Vries
et al., 2012). Therefore, the variation of the resistance and resilience
indexes under different land uses can be attributed to the fungi: bacteria
ratios under different land uses.

The observations of this study indicated a generally low resistance of
soil microbial biomass to drought stress (significantly negative mean
difference values) and its low resilience (non-significant mean difference
values) to recover from drought stress compared with the pre-
disturbance condition. Maestre et al. (2015) reported that microbial
communities maintain their structure and functioning even under severe
drought conditions and develop more resistance and resilience com-
munities after the drought period is over. They suggested that the
response of soil microbial communities were dependent on the severity
of drought stress, with more severe droughts leading to a slower re-
covery of microbial biomass. Barnard et al. (2013) indicated that the
resistance and resilience of soil microbial biomass to drought stress
would vary depending on soil type and land use. We did not observe any

Table 1
Resistance and resilience indexes for the microbial biomass and microbial
respiration in different land use types.

Land use Microbial biomass Microbial respiration

RS RL RS RL
Agriculture 0.63 + 0.05 0.23 +0.14 0.14 £ 0.12 0.44 £ 0.12
Forest 0.56 + 0.10 0.44 +£0.14 0.43 £ 0.10 0.54 £ 0.10
Grassland 0.53 + 0.08 0.21 +0.18 0.20 + 0.04 0.61 + 0.04
P value (0.56) (0.76) (0.15) (0.55)

The table displays the individual column p-values calculated to assess the sta-
tistical significance of each variable. RS = Resistance, RL = Resilience.

Science of the Total Environment 912 (2024) 169544

significant differences in resistance and resilience of microbial biomass
to drought stress within three land use types. However, more negative
effect size in forest ecosystem for resistance in microbial biomass indi-
cated that forest ecosystem tends to be less resistant to drought
compared to agriculture and grassland ecosystems. The overall obser-
vations suggest a generally low resistance of soil microbial biomass to
drought stress, with limited resilience, and the forest ecosystem
exhibited less resistance compared to agriculture and grassland
ecosystems.

3.2. Resistance and resilience of soil microbial respiration to drought
stress

The results of the meta-analysis revealed that there was an overall
negative effect size across the included studies for the microbial respi-
ration during drought. Specifically, the standardized mean difference
(SMD) between control and drought treatments was —0.87 (95 % CI
[-1.68, —0.07]) which was statistically significant (p = 0.03, Fig. 3a).
This negative effect size suggests that drought is associated with a
decrease in microbial respiration. According to the Q-test, the true
outcomes were heterogeneous (Q = 53.73, p = 0.005, I? = 60 %), and
the linear regression test indicated potential funnel plot asymmetry (p =
0.0002; Fig. S1c). The multivariate meta-analysis model revealed that
the type of land use had no effect on response of microbial respiration to
drought stress. Overall, the mean effect of the land uses were negative in
an order of grassland ecosystem (—1.31, 95 % CI [—2.90, 0.29]), forest
ecosystem (—1.28, 95 % CI [—2.61, 0.06]), and agriculture ecosystem
(—0.35, 95 % CI [-1.50, 0.81]) (Fig. 3b).

Soil microbial respiration during the recovery phase (i.e., following
the breaking of drought; the resilience phase) showed an overall positive
effect (0.30, 95 % CI [0.02, 0.57]) which was statistically significant (p
= 0.04, Fig. 3c). The Q-test indicated that the results were not hetero-
geneous (Q = 27.37, p = 0.50, I> = 2 %). The linear regression test also
indicated potential funnel plot asymmetry (p < 0.0001; Fig. S1d). The
multivariate meta-analysis model indicated that the impact of land use
on microbial respiration response to drought was not significant (p =
0.26). When considering all types of land use, including grassland, forest
and agriculture ecosystems, the overall mean effect was positive. Spe-
cifically, the effect sizes for the forest, agriculture, and grassland eco-
systems were estimated at 0.05 (95 % CI [—0.58, 0.67]), 0.24 (95 % CI
[—0.07, 0.56]), and 0.74 (95 % CI [0.12, 1.37]), respectively (Fig. 3d).

Resistance index of soil microbial respiration for all three ecosystems
ranged from —0.65 to 0.97 with 82 % of results showed values lower
than 0.5 (Fig. S5a). Resilience index of soil microbial biomass also
ranged from —0.71 to 0.99 with 52 % of results showed values lower
than 0.5 (Fig. S5b). The resistance and resilience indices of soil microbial
respiration to drought stress showed the order of forest (0.43) > grass-
land (0.20) > agriculture (0.12), and grassland (0.61) > forest (0.54) >
agriculture (0.44), respectively (Table 1).

Soil microbial respiration is regulated by abundant microbial species
with high functional redundancy (Shen et al., 2022). In response to
drought stress, microbial communities would exhibit both resistance
and resilience, which can have varying impacts on their respiration, as
soil microbial biomass and SOC are considered the main contributors of
soil respiration resilience (Yu et al., 2021). Microbial response to
drought also varies depending on factors such as soil type and land use
history, microbial community composition and duration and severity of
drought stress. Generally, drought stress decreases soil microbial respi-
ration when soil moisture content falls below the optimum level, while
rewetting increases soil microbial respiration due to an increase in dis-
solved organic carbon and microbial biomass (Yu et al., 2021; Zhang
et al., 2015). When soil microorganisms are under stress, they allocate
more carbon and nutrients to survival pathways (e.g., synthesizing
protective substances to stabilize proteins and osmolytes to maintain
hydration) than to growth pathways. This would result in higher syn-
thesis of molecules such as polyols or amino acids, which are
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Fig. 3. Orchard plots of the meta-analytic model showing the overall response of microbial respiration to drought between the control and treatment during
resistance (a) and resilience (c) phases and meta-regression model showing the effect of land use type on resistance (b) and resilience (d) of microbial respiration to
drought. Mean effect sizes with 95 % confidence intervals (bold lines) are shown in the middle of the dot charts, where individual dots are individual (i.e., different
data points in the studies) effect sizes. The size of dots shows the precision (inverse of standard error) of the effect size estimate. Negative effect sizes larger values in
control, while positive values mark larger values in treatment in the respective parameter.

energetically expensive and consequently decrease soil microbial
respiration (Guillot et al., 2019). Previous studies have shown that some
microbial taxa (gram-positives such as Actinobacteria and Firmicutes)
exhibit increased respiration activity during drought, while others
(Gram-negatives such as Proteobacteria and Bacteroidetes) would show
decreased activity (Graham et al., 2016; Lipson et al., 2015). The impact
of drought on microbial respiration can vary depending on the specific
microbial communities and environmental conditions involved (Bar-
nard et al., 2013). Therefore, improved understanding of the mecha-
nisms underlying microbial responses to drought, such as the capacity to
survive drought induced osmotic shock, or to assimilate dissolved SOC
during rewetting of soil aggregates, is crucial for predicting the long-
term effects of ecosystem-based managements on ecosystem func-
tioning (Homyak et al., 2018; Slessarev and Schimel, 2020; Sun et al.,
2017). For example, it has been suggested that microbial communities
can adapt to drought stress by altering their carbon utilization patterns
(i.e., higher carbon use efficiency) or shifting to more drought-tolerant
taxa (Drigo et al., 2017; Evans and Wallenstein, 2014). These adaptive
responses may increase resistance and resilience, thereby enabling mi-
crobial communities to maintain their respiration activity and prevent

significant disruptions to ecosystem functioning (de Nijs et al., 2019;
Evans and Wallenstein, 2014).

3.3. Role of soil intrinsic properties and management practices in shaping
resistance and resilience of soil microbiome to drought stress

Soil intrinsic properties shown mix effects on microbial (i.e., biomass
and respiration) resistance and resilience to drought stress. For example,
soil organic carbon (SOC) found to have significant impact on the
response of microbial biomass to drought in the resistance phase (p =
0.01). The overall effect sizes were negative under both levels of SOC
with —2.16 (95 % CI [—2.89, —1.42]) at >2 % SOC, and —0.91 (95 % CI
[-1.67, —0.15]) at 1-2 % SOC contents (Fig. S2a). The overall effect
sizes for different levels of clay content (Fig. S2b) and pH (Fig. S2c) were
also negative, however they were not statistically significant. Soil
texture is one of the major factors with significant influence on resis-
tance and resilience of soil physical and biological properties to stressors
(Corstanje et al., 2015; Seybold et al., 1999). It has been reported that
microbial communities in sandy soils are more resilient to drought stress
than clay soils, due to the higher frequency of drying/wetting events in
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sandy soils (Arthur et al., 2012; Perez-Guzman et al., 2020). The textural
differences would affect soil resilience by processes such as the leaching
of carbon and nutrients, and translocation of fine soil particles within
the soil profile (Blanco-Canqui and Lal, 2010).

Microorganisms are known for their ability to adapt to various
environmental conditions. For instance, certain microbial taxa may
possess traits that enable them to tolerate challenging conditions (i.e.,
low organic carbon, low clay content, and high pH soils), and thrive
under drought stress. We also observed few positive effects of microbial
biomass to drought in the agriculture ecosystem, compared to forest and
grassland ecosystems, which indicates more resistance to drought and its
association with alkaline pH (pH > 7.5), low soil organic carbon (SOC <
2 %) and low clay content (Clay <5 %) (Fig. S2a, b and c). Further, we
observed positive effect sizes for the microbial biomass resilience to
drought under conditions such as 1-2 % SOC (Fig. S2d), clay contents of
<5 % and >15 % (Fig. S2e), and pH of 7-8 (Fig. S2f). However, they
were not statistically significant.

The overall effect sizes for different levels of SOC% (Fig. S4a), clay%
(Fig. S4b) and pH (Fig. S4c) were negative for microbial respiration
resistance (not statistically significant). However, the negative values
decreased with increases in SOC%, clay% and neutral and acidic pH
values. This indicated that higher SOC, clay content, and neutral and
acidic soils would favour microbial respiration during the drought and
potentially increase the resistance to drought stress. Contradictory, the
overall effect sizes of microbial respiration, under different levels of
SOC, clay, and pH, were positive (not statistically significant) during the
resilience phase and the positive values increased with higher SOC
contents (Fig. S4d, e, and f respectively). Further, we observed that soil
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pH was a vital factor for determination of the resistance and resilience of
soil microbial respiration to drought in agricultural soils (Fig. 4c and d,
Table 2). It has also been reported that soil microbial composition and
functions can be regulated by soil pH in different soils (Yang et al.,
2020), and the bacterial growth would be stimulated by an increase in
soil pH values (Silva-Sanchez et al., 2019), resulting in a lower respi-
ration resilience to drying/wetting cycles (Hu et al., 2021). Therefore,
soil acidity/alkalinity management is one of the main factors to be
considered in soil management practices. Since topsoil is usually
disturbed in agricultural fields, surface application of organic amend-
ments may not be able to effectively improve soil microbial resistance
and resilience to drought stress.

Resistance and resilience indexes for microbial biomass and respi-
ration indicated that, there was no clear separation of the three land use
types (agriculture, forest, and grassland) for respiration under drought
stress as observed for microbial biomass (Fig. 4c and d). In both grass-
land and forest ecosystems, microbial biomass resistance and resilience
were strongly associated with SOC content, while forest ecosystem
additionally exhibited a strong association with clay content and pH
(Table 2). The positive association of soil microbial biomass resistance to
drought, with soil pH could be due to higher bioavailability of Al and its
toxicity, as well as lower bioavailability of plant-derived C in acidic soils
(Rousk et al., 2009). Further, the resistance and resilience of microbial
respiration in agriculture ecosystem was primarily regulated by soil pH,
whereas in forest ecosystem it was strongly associated with SOC, clay
content, and soil pH (Table 2). While pH is an important factor in both
agriculture and forest ecosystems, the specific context of agricultural
management practices (i.e., more intensive management practices,
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Table 2

Association between resistance and resilience index with soil intrinsic properties.
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Soil properties Microbial biomass

Resistance Resilience

Agriculture Forest Grassland Agriculture Forest Grassland
SOC —-0.41 —0.97"* —0.70%* 0.48 0.85 0.75%*

(p =0.10) (p = 0.001) (p = 0.002) (p = 0.05) (p =0.15) (p =0.01)
Clay -0.09 -0.87 -0.18 0.05 -0.79 0.09

(p=0.72) (p=0.13) (p =0.52) (p = 0.86) (p=0.21) (p =0.79)
pH 0.42 0.97** 0.06 —-0.31 —0.96"* —-0.22

(p = 0.09) (p = 0.001) (p = 0.86) (p=0.22) (p =0.04) (p =0.54)
Soil properties Microbial respiration

Resistance Resilience

Agriculture Forest Grassland Agriculture Forest Grassland*
sOC -0.19 0.94* —0.627* —0.04 0.47 -

(p=0.48) (p = 0.006) (p < 0.001) (p =0.83) (p =0.53) -
Clay -0.13 0.58 —0.09 -0.3 —0.68 -

(p = 0.61) (p = 0.42) (p=0.72) (p = 0.09) (p=0.32) -
pH 0.52* —0.94"* 0.27 —0.47"* —0.58 -

(p =0.03) (p = 0.006) (@ =0.19) (p =0.02) (p=0.42) -

" Could not compute due to limited data availability.

" Correlation is significant at 0.01 level (the table displays the individual cell p-values calculated to assess the statistical significance of the correlation between

resistance and resilience index with soil intrinsic properties).

including the use of fertilizers, pesticides, and soil amendments), often
amplifies the influence of pH on microbial respiration resistance and
resilience to drought in agricultural settings. Factors such as clay content
and SOM are also important in both agriculture and forest ecosystems,
while they may have more stable and established roles in undisturbed
forest environments.

The strong negative association between SOC and resistance of mi-
crobial biomass to drought stress could be related to the fact that higher
SOC levels would result in a soil microbial community which is more
sensitive to disturbances (Bastida et al., 2017; Orwin and Wardle, 2005).
Therefore, the ecosystem might become more fragile or prone to dis-
ruptions due to the dependence of microorganisms to a specific organic
carbon substrate. Any disturbances can have a more significant impact
on these specialized microbial populations, leading to a lower resis-
tance. However, SOC exhibited a positive association with resilience of
microbial biomass, which could be due to a balanced availability of
organic substrates with the cessation of drought. The negative associa-
tion between clay content and resistance and resilience of microbial
biomass during drought stress could be attributed to factors such as
limited water drainage and oxygen availability due to the dense struc-
ture of clay particles (Perez-Guzman et al., 2020). Further, the physical
barrier created by fine-textured clay can impede microbial movement
and access to nutrients, contributing to the decreased ability of the mi-
crobial community to withstand and recover from drought-induced
stress.

Adoption of ecosystem-based management practices enables the
development of a self-recovering soil ecosystem against disturbances
(Orwin and Wardle, 2004). These include management practices such as
organic farming systems (minimal use of external resources), conser-
vation agriculture (minimum soil disturbance, diversified crop rota-
tions, and maintenance of organic soil cover) (Chabert and Sarthou,
2020; Nyanga et al., 2020), no-till and low-till farming, mix cropping,
crop rotation, cover crops (i.e., crops grown to protect soil surface and
improve soil quality), minimum use of off-farm inputs, reliance on
biological processes for pest management, and application of organic
amendments (Akamani, 2021; Horrigan et al., 2002; Jian et al., 2020)
(Table 3). The stability of a soil ecosystem is a vital factor for its sus-
tainable productivity that is governed by various soil and environmental
processes. It has been reported that the structural stability of soil can be

increased by utilising a no-till cropping system, due to the potential for
development of uniform aggregate strength with more resistant to
breakdown after rewetting (Skaalsveen et al., 2019), as well as
increasing the number and continuity of soil macropores (Dang et al.,
2020). Other than the reduction in soil disturbance, no-till systems can
also increase soil organic carbon (SOC) content due to higher retention
of crop residues in the soil surface (de Moraes Sa et al., 2014). Addi-
tionally, it has been found that the addition of biochar can lead to an
increase in the resistance of both bacterial and fungal networks to
drought, and biochar-amended soils usually characterized by a faster
recovery of soil microbial properties to basal values (Liang et al., 2014).

The ecosystem-based management practices should ensure an in-
crease in soil organic matter, which is one of the main factors regulating
soil resilience to disturbance. Organic amendments and cover crops
coupled with no—/reduced-tillage practices can enhance soil physical,
chemical, and biological properties and increase soil resilience to
different environmental stresses. However, the rate and magnitude of
recovery attributed to the management practices can be varied with the
type of cover crop/organic amendment / intensity of the tillage (no/
reduced), microbial resource availability and intrinsic properties of soil,
and climatic conditions (de Vries and Shade, 2013; Kaisermann et al.,
2013; Shen et al., 2022; Wallenstein and Hall, 2012). It has been re-
ported that soils with high organic matter content have higher resistance
and resilience of soil functions (e.g., soil respiration, and N cycling) to
disturbances than soils with low organic matter content (Dacal et al.,
2022). Organic matter content in soil determines the aggregate stability,
porosity and compaction, available water capacity, hydrology and
macropore connectivity, and erodibility (Blanco-Canqui and Lal, 2010).
Therefore, the magnitude of improvement in soil resilience, due to
adoption of ecosystem-based management practices, is a cumulative
outcome of land management practices, soil intrinsic properties, and
climatic factors.

4. Conclusions

Soil microbial communities are essential components of soil
ecosystem that play vital roles in maintaining soil fertility, nutrient
cycling, and plant productivity. Environmental stresses such as drought
can severely affect soil microbial biomass and respiration, with negative
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Table 3

The effects of ecosystem-based management practices on soil properties.

Management
strategy

Region

Management outcome

Reference

No-tillage/
reduced
tillage

Organic
amendments

Cover
cropping

USA

Guadeloupe

Spain

USA

Germany

Australia

Canada

Guadeloupe

Spain

China

France

Hesston,
Kansas

Italy

No-tillage enhanced soil
structural stability and soil
carbon than conventional
tillage.

Reduced tillage (replacing
mouldboard ploughing with
disc harrowing) resulted in
diminishing SOC losses by 4-
fold.

Long-term (20 years) no-
tillage management
stimulated soil biological
activity and formation of
water-stable macroaggregates.
No-till promote soil resilience
in terms of moisture retention,
effectiveness of drought
mitigation, and crop yields.
High organic carbon soil
amendment (i.e., wheat straw)
effectively buffered an excess
of nitrogen at a field scale.
Biochar and biochar-compost
soil managements improved
soil organic carbon, nutrient
contents, and water holding
capacity.

Beef feedlot manure applied to
the plots where topsoil has
been removed had a legacy
effect on enhancing soil
carbon fraction values and soil
aggregation.

The use of organic
amendments (i.e., manure,
sugar scum, sewage sludge,
vinasse, and compost) reduced
SOC losses by 1.5-fold.

In an incubation experiment,
organic amendment increased
soil water holding capacity,
Organic C and total N
contents, and soil enzyme
activities (i.e., p-glucosidase
and phosphomonoesterase).
Long-term organic matter
inputs (corn straw and
farmyard manure) increased
SOC, decreased soil bulk
density and increased soil
porosity.

Cover cropping enhanced soil
resilience to nitrogen
fertilization by increasing
functional redundancy and
complementarity within soil
bacterial communities and
across soil horizons.

Cover cropping (i.e., sunn
hemp and late-maturing
soybean) reduced the near-
surface soil's susceptibility to
compaction and improved the
physical properties of soil and
SOC contents.

The introduction of different
cover crops (non-legume cover
crop, low nitrogen supply
legume cover crop, and high
nitrogen supply legume cover
crop) increased SOC content at
various rates (0.08, 0.32 and
0.34 Mg ha™! year™!

(Nouri et al.,
2021)

(Chopin and
Sierra, 2019)

(Pareja-
Sanchez et al.,
2017)

(Eeswaran
et al., 2021)

(Reichel et al.,
2018)

(Agegnehu
et al., 2016;
Lan et al.,
2019)

(Larney et al.,
2016)

(Chopin and
Sierra, 2019)

(Hueso et al.,
2011)

(Song et al.,
2015)

(Alahmad
et al., 2019)

(Blanco-
Canqui et al.,
2011)

(Mazzoncini
et al., 2011)
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Table 3 (continued)

Management Reference

strategy

Region Management outcome

respectively) as compared
with the control. All cover
crops significantly increased
soil total N content compared
to the control.

Cropping systems with
summer legume cover crops
had higher potential for
improving SOM in no-till
cropping systems by
increasing either the stocks or
lability of soil organic C.

Brazil (Bayer et al.,

2009)

impacts on soil fertility and ecosystem functioning. Our investigation
into the resistance and resilience of soil microbial biomass and respi-
ration to drought stress revealed distinct patterns across different eco-
systems (agriculture, forest, and grassland) and intrinsic soil properties
(SOC, Clay content and Soil pH). Soil microbial biomass exhibited a
generally low resistance to drought stress, with limited resilience, and
the forest ecosystem displayed lower resistance compared to agriculture
and grassland ecosystems. The resistance and resilience of microbial
respiration also varied across land uses, with an overall decrease during
drought and a positive recovery during the resilience phase. Soil
intrinsic properties such as SOC, clay content, and pH, played a crucial
role in shaping microbial responses, influencing both resistance and
resilience. Additionally, our findings underscore the importance of
ecosystem-based management practices in enhancing soil resilience,
with practices such as organic farming, conservation agriculture, and
the addition of biochar showing potential to mitigate the impacts of
drought on soil microbial communities. Overall, the response of soil
microbial communities to drought is a complex process that is influ-
enced by many factors. Therefore, understanding the underlying
mechanisms that drive these responses, such as intrinsic soil properties
and microbial community dynamics, can help to identify the land
management practices that promote soil health and resilience.
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