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of Proteobacteria.

KEYWORDS

1 | INTRODUCTION

Soil microbes are the most abundant and diverse organisms on Earth
(Fierer & Jackson, 2006; Locey & Lennon, 2016), and are intricately
linked to soil functioning, as they play a key role in organic matter
decomposition, carbon (C) storage and nutrient cycling (Bardgett
& Van Der Putten, 2014; Delgado-Baquerizo et al., 2016). Soil mi-
crobial communities are sensitive to both warming and changes in
precipitation patterns associated with anthropogenic climate change
(De Vries & Shade, 2013; Kaisermann et al., 2017; Rousk et al., 2013).
For instance, reductions in both bacterial and fungal biomass, and
shifts in microbial community composition with warming have been
observed in multiple ecosystem types (Frey et al., 2008; Rinnan
et al., 2007; Yergeau & Kowalchuk, 2008). Similarly, reduced rain-
fall has been reported to decrease soil bacterial abundance, leading
to changes in soil microbial community composition, growth rates
and activity (Gordon et al., 2008; Ochoa-Hueso et al., 2018; Schimel
et al., 2007).

Beyond increases in mean temperatures and changes in rainfall
patterns, climate change is expected to increase the frequency of
extreme climate events, such as short-term but intense droughts,
particularly in drylands (Gibelin & Déqué, 2003; Huntington, 2006;
Seneviratne et al.,, 2012). Despite the fact that climate change
components (i.e. mean change and extreme events) occur simulta-
neously (Meehl et al., 2007; Walter et al., 2013), few studies have
addressed their interactive effects on soil biodiversity and function-
ing. Existing evidence also suggests that past climatic conditions
determine soil microbial communities and functioning (Delgado-
Baquerizo, Bissett, et al., 2017; Ye et al., 2019), and their responses
to current changes in soil moisture (Hawkes & Keitt, 2015; Hawkes
et al.,, 2017). Furthermore, soil microbial communities can accli-
mate and shift from sensitive bacterial-dominated communities to
more drought-tolerant fungal-dominated communities after long-
term exposure to rainfall reduction (Bouskill et al., 2013; Evans &

of bacterial and fungal communities. Yet, the resistance of multifunctionality

was related to that of Chytridiomycota, whereas its resilience was related to that

4. Overall, our results indicate that climate change legacies affected the resistance
and resilience of soil bacterial and fungal abundance to a subsequent extreme
drought event, but not those of their community composition, richness and mul-
tifunctionality. Our results provide new insights on how climate change legacies
contrastingly influence the resistance and resilience of soil microbial commu-
nities and multifunctionality. Furthermore, our findings highlight the role that
specific microbial taxa play in maintaining soil multifunctionality and recovering

from extreme drought events predicted under anthropogenic climate change.
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Wallenstein, 2012; Curiel Yuste et al., 2011), altering the ability of
soil functioning to cope with extreme drought events as a result
of the different response of fungal and bacterial communities (De
Vries, Liiri, Bjgrnlund, Bowker, et al., 2012). Specifically, soil fungi
have been demonstrated to be generally more resistant—but less
resilient—than bacteria given their thicker cell walls, sporulation ac-
tivity, and the capacity of fungal hyphae to break through air-filed
pores to access water and nutrients in dry soils (Barnard et al., 2013;
De Vries, Liiri, Bjgrnlund, Bowker, et al., 2012; Gordon et al., 2008).

Previous research on below-ground communities has evaluated
the response of soil microbial communities and functioning to ex-
treme drought using two key components that determine ecosystem
stability: resistance and resilience during and after the drought event,
respectively (De Vries, Liiri, Bjgrnlund, Setals, et al., 2012; Hawkes
et al., 2017, 2020; Waring & Hawkes, 2015). However, this research
has evaluated the responses of soil microbial communities and soil
functions separately (Bouskill et al., 2013; De Vries, Liiri, Bjgrnlund,
Setéla, et al., 2012; Preece et al., 2019), or addressed only individual
functions such as soil respiration (Hawkes et al., 2017, 2020). To gain
a broader understanding that is crucial for management and conser-
vation, we need to assess whether the responses of soil microbial
communities to climate change alter overall ecosystem functioning
(Delgado-Baquerizo, Eldridge, et al., 2017). In this line, the ability of
soil microbes to perform multiple functions simultaneously (i.e. soil
multifunctionality; multifunctionality hereafter) has been proposed
as a meaningful metric (Manning et al., 2018) Furthermore, most
previous studies have only evaluated the effect of being previously
subjected (i.e. legacies, hereafter) to a reduction in rainfall (Bouskill
et al., 2013; De Vries, Liiri, Bjgrnlund, Setals, et al., 2012), neglect-
ing the effect of other components of climate change components
such as global warming. Consequently, the legacies of different cli-
mate change scenarios that simulate mean temperatures and rainfall
changes on the resistance and resilience of both soil microbial com-
munities and multifunctionality to extreme drought events, and the
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link between the stability of soil microbial communities and that of
multifunctionality, remain largely unexplored.

Here, we evaluated the effect of climate change legacies on
the resistance and resilience of soil bacterial and fungal commu-
nities (community composition, richness and abundance) and mul-
tifunctionality (estimated using eight functions related to soil C, N
and P cycling) to a subsequent extreme drought event. Moreover,
we assessed whether the resistance and resilience of soil microbial
communities to extreme drought were related to those of multi-
functionality. We collected soils subjected to four climate change
scenarios in a manipulative experiment (i.e. control, reduced rainfall,
warming and their combination; Valencia et al., 2018) for 7 years and
exposed them to extreme drought in the laboratory (i.e. 3% water-
holding capacity [WHC] for 2 weeks) to assess the resistance of soil
microbial communities and multifunctionality. Then, we rewetted
the soils at 60% WHC and assessed the resilience of soil microbial
communities and multifunctionality 1, 15 and 60 days after rewet-
ting. We hypothesized that (i) soil fungal communities subjected to
reduced rainfall will be more resistant but less resilient to a subse-
quent extreme drought than bacterial communities (De Vries, Liiri,
Bjgrnlund, Bowker, et al., 2012); (ii) the resistance and resilience of
fungal and bacterial communities to extreme drought will be lower in
warmed than in control soils than in the control ones, as already dis-
turbed soil communities may be less stable to a different subsequent
disturbance (Griffiths & Philippot, 2013); (iii) the resistance and re-
silience of multifunctionality will be lower in warmed and higher in
reduced rainfall soils compared to control ones encompassing the
expected responses of soil microbial communities described in our
two first hypotheses given that soil microbial communities medi-
ate multifunctionality (Delgado-Baquerizo, Eldridge, et al., 2017,

Delgado-Baquerizo et al., 2016); and (iv) the resistance and resilience

of soil microbial communities and multifunctionality to an extreme
drought event will be related, as microbes play a key role in driving
multifunctionality (De Vries & Shade, 2013; Orwin et al., 2006).

2 | MATERIALS AND METHODS
2.1 | Climate change experiment simulating mean
changes in air temperature and rainfall

We used soil from a climate change experiment conducted in the
Outdoor Climate Change Laboratory of Rey Juan Carlos University
(URJC, Mostoles, Spain: 40°20'37"N, 3°52'00"W; Figure Sia;
Valencia et al., 2018), to establish an independent laboratory ex-
periment. To conduct this fieldwork, no license or permission was
required. The climate of the site is Mediterranean semi-arid, with
mean annual temperature and precipitation values of 16.6°C and
362 mm, respectively. In April 2011, we established a full factorial
experiment at this site with two climate change treatments (see
Valencia et al., 2018 for details): warming (control vs. +3°C temper-
ature increase) and reduced rainfall (control vs. ~35% reduction in
total annual rainfall; Figure 1 and Figure S1b-d). The climate change
treatments and their main effects on air and soil moisture are de-
tailed in Supporting Materials and Methods. For this climate change
experiment, we used plastic pots (depth 38 cm, internal diameter
28 cm, volume 0.023 m°) filled with a silty loam soil (sand content
73.5%, silt content 18.5%, clay content 8.0%, pH 7.6, electrical con-
ductivity 1,128 pS/cm and organic carbon content 0.52%.). The pots
were filled with soil and subjected to the different climate change
scenarios for 7 years, until February 2018, when they were collected

for our laboratory experiment.
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FIGURE 1 Laboratory experimental setup. Soils were subjected to 7 years of climate change scenarios (i.e. reduced rainfall, warming,
their combination and control) in a common garden experiment. We used a composite soil sample of each climate change scenario to
conduct two separated experiments. For the resistance experiment (Experiment 1), the soils were incubated at two soil moisture levels
(control 60% WHC vs. drought 3% WHC). At the end of the extreme drought disturbance, the soils were destructively sampled. After

that harvesting, the remaining microcosms were rewetted to 60% WHC for the resilience experiment (Experiment 2). The soils were
destructively sampled 1, 15 and 60 days after rewetting. We used four replicates per combination of treatments, resulting in a total of 128
microcosms: 32 for the resistance experiment and 96 for the resilience experiment
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Soils from the four climate change scenarios (control, reduced
rainfall, warming and the combination of reduced rainfall and warm-
ing; four replicates per treatment) were sieved at 2 mm mesh, bulked
and homogenized to get one composite sample per climatic treat-
ment. We used a composite soil sample instead of individual soils
because assessing the effects of spatial variability of climatic condi-
tions was not the main objective of our study (Gundale et al., 2017).
Instead, we aimed to evaluate the climate change legacies on the
resistance and resilience of soil microbial communities and func-
tions. The approach followed has been widely used when evaluating
previous climate legacies on the resistance and resilience of soils to
drought (De Vries, Liiri, Bjgrnlund, Bowker, et al., 2012; De Vries,
Liiri, Bjgrnlund, Setil3, et al., 2012; Meisner et al., 2018).

2.2 | Extreme drought experiment

Soils from the four climate change scenarios were transferred to
a total of 128 microcosms (0.25 L microcosms; 100 g of dry soil
per microcosm) to conduct two separate laboratory experiments
(Figure 1). First, to assess the resistance of soil microbial com-
munities and multifunctionality to an extreme drought event, mi-
crocosms were incubated at two levels of soil moisture (extreme
drought, 3% WHC and control, 60% WHC) for 2 weeks at 25°C in
a growth chamber with dark and moisture control to avoid water
loss. At the end of the drought event, a fraction of the microcosms
was destructively harvested (four replicates per combination of
climate change and drought treatments, 32 microcosms in total).
The second experiment aimed to assess the resilience of soil mi-
crobial communities and multifunctionality to an extreme drought
event. For that purpose, the remaining microcosms were rewetted
to 60% WHC and incubated for almost 9 weeks. The resilience of
the soil microbial community and multifunctionality was measured
1, 15 and 60 days after rewetting. At the end of each sampling date,
32 microcosms were destructively harvested (four replicates per
combination of climate change and drought treatments). At each
sampling date, soil respiration was measured in each microcosm
during the incubation and prior to harvesting using non-destructive
techniques. Then, a fraction of each of the sampled soils was im-
mediately frozen at -20°C for microbial analyses, and the remaining
soil was air-dried for a month for biogeochemical analyses. Storage
of air-dried soils for biogeochemical analyses is a normal procedure
in dryland environments, where soils are usually dry under field
conditions for a prolonged period, until they are rewetted with sea-
sonal rain pulses (Cantén et al., 2004; Makhalanyane et al., 2015;
Rey et al., 2011). Furthermore, previous studies have found that
the storage of air-dried soils from drylands have small or negligi-
ble effects on soil biogeochemical variables such as soil organic
C contents and enzymatic activities (Zornoza et al., 2006, 2009).
Consequently, this storage approach is generally used both in local-
scale studies (Maestre et al., 2013; Mancinelli et al., 2013) and
large-scale surveys (e.g. Bahram et al., 2018; Delgado-Baquerizo,
Eldridge, et al., 2017; Maestre et al., 2012).

2.3 | Soil individual functions and
multifunctionality

We selected the following variables that constitute good proxies of
the processes driving soil C, nitrogen (N) and phosphorus (P) cycling
and the build-up of nutrient pools (Delgado-Baquerizo, Eldridge,
etal., 2017; Maestre et al., 2012): soil organic C (SOC), total available
N (TAN), labile inorganic P (Olsen P), soil respiration, potential net N
mineralization, a- and B-glucosidase (starch degradation), N-acetyl-
glucosaminidase (chitin degradation), cellobiohydrolase (cellulose
degradation), xylanase (hemicellulose degradation), phosphatase (or-
ganic P mineralization) and leucine aminopeptidase (peptide break-
down). The concentration of SOC was determined by colorimetry
(Anderson & Ingram, 1993). To measure TAN and dissolved inorganic
N (DIN), a fraction of each soil sample was incubated in a growth
chamber at 30°C for 14 days at 80% WHC (Allen et al., 1986). Then,
both N forms concentrations were measured in both incubated
and non-incubated subsamples by colorimetry using the indophe-
nol blue method (Sims et al., 1995). Potential net N mineralization
rate was then estimated as the difference in DIN before and after
the incubation (Delgado-Baquerizo & Gallardo, 2011). To determine
Olsen P, soil samples were extracted with 0.5 M Na,HCO; in a 1:5
ratio by orbital shaking at 180 rpm for 2 hours (Olsen et al., 1954).
Soil basal respiration was measured in all microcosms at the experi-
ment setup and before each harvest using the modification of the
MicroResp™ protocol (Campbell et al., 2003) described in Garcia-
palacios et al. (2013). Finally, we measured the soil enzymatic activi-
ties using a fluorescence method (Bell et al., 2013), and derived the
cumulative C (- and B-glucosidase, cellobiohydrolase and xylanase),
N (N-acetyl-glucosaminidase and leucine aminopeptidase) and P
(phosphatase) enzymes (Fanin & Bertrand, 2016; Piton et al., 2020).

Soil multifunctionality was calculated based on the eight single
functions described above, which were weakly correlated (p < 0.6)
with each other (Table S1). First, we standardized separately such
functions (F) using the Z-score transformation:

Z -core; = F; —Mean F;/SD F;, (1)

where Fij is the value of function i in the mesocosm j, Mean and SD F;
are the mean and the standard deviation of the function F, calculated
for the 128 mesocosms studied, respectively. Then, multifunctional-
ity was obtained for each mesocosm as the average of the Z-scores
of the eight functions considered. This multifunctionality index has
good statistical properties and is a straightforward and easily inter-
pretable measure of multifunctionality (Byrnes et al., 2014; Maestre
etal, 2012).

2.4 | Soil microbial analyses

Soil DNA extractions were performed using the DNeasy Powersoil
Kit (Qiagen). We assessed the abundance of both soil bacteria
and fungi using qPCR on an ABI 7300 Real-Time PCR (Applied
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Biosystems). The bacterial 16S-rRNA gene was amplified with the
Eub 338-Eub 518 primer set, while for fungal ITS amplification the
ITS 1-5.8S primer set was used (Evans & Wallenstein, 2012). We de-
scribe more deeply the method used to determine the total abun-
dance of soil bacteria and fungi using gPCR in Supporting Materials
and Methods. We conducted amplicon sequencing using the lllumina
MiSeq platform at the Next Generation Genome Sequencing
Facility of Western Sydney University. The primer sets used were
the 341F/805R for bacteria and FITS7/ITS4 for fungi (Herlemann
et al.,, 2011; Ihrmark et al., 2012). The bioinformatic analyses con-
ducted on the data resulting from amplicon sequencing are described
in Supporting Materials and Methods. We determined the dominant
bacterial and fungal phyla as those with a mean relative abundance

greater than 2% and 1.5%, respectively (Preece et al., 2019).

2.5 | Resistance and resilience of soil
microbial communities and multifunctionality to
extreme drought

We used two different types of resistance and resilience indices:
one for microbial community composition and the other for the rest
of the variables considered in this study. First, we used resistance
and resilience indices based on Bray-Curtis similarity for the bacte-
rial and fungal community composition (De Vries et al., 2018; Shade
etal.,, 2011; see Supporting Materials and Methods for more details).
Second, we used the Orwin and Wardle (2004) indices to evaluate
the resistance and resilience of the rest of the variables considered in
our study (i.e. soil bacterial and fungal richness, abundance, and dom-
inant phyla, and the eight single functions) to an extreme drought.
Given the multivariate nature of soil community composition data,
we had to use a different index for community composition (Piton
et al., 2020; Shade et al., 2011). However, both types of indices are
consistent (Piton et al., 2020). Specifically, either of the resistance
indices measured the changes caused by an extreme drought, with
higher values (i.e. values close to 1) indicating greater resistance and
values close to O indicating no resistance. Similarly, both types of
resilience indices indicate the proportion of changes caused during
the extreme drought event that was recovered between the end of
such disturbance and each of the sampling times during the recovery
(i.e. 1, 15 or 60 days after rewetting; Piton et al., 2020). For both re-
silience indices, values close to 1 indicate complete resilience, values
close to O indicate no recovery at all and negative values indicate a
greater difference between control and disturbed soil at the end of
the recovery period (i.e. 1, 15 or 60 days after rewetting) than at the
end of the disturbance (Piton et al., 2020).

The resistance and resilience indices of the eight single func-
tions considered in our study were used to calculate the resistance
and resilience of multifunctionality, following the same approach
of Delgado-Baquerizo, Eldridge, et al. (2017). Specifically, we first
calculated the resistance and resilience of the eight single func-
tions considered in our study, which were not strongly correlated
(p < 0.6) with each other (Table S2). The resistance and resilience

of multifunctionality were thus obtained for each microcosm as the
average of resistance or resilience of the eight functions (Delgado-
Baquerizo, Eldridge, et al., 2017).

2.6 | Statistical analyses

To evaluate the legacy effect of climate change treatments on the
resistance and resilience of soil bacterial and fungal community
composition, richness, abundance, dominant phyla, multifunc-
tionality and the different functions considered in our study to an
extreme drought event using linear models (LMs). Resistance LMs
included reduced rainfall, warming and their interaction as fixed fac-
tors (hypotheses i, ii and iii). Resilience LMs also included time after
rewetting (i.e. 1, 15 and 60 days), and all two-way and three-way
interactions as fixed factors (hypotheses i, ii and iii).

Similarly, we assessed the effects of climate change legacies on
soil bacterial and fungal community composition after and during the
recovery from a simulated drought event (hypotheses i and ii) using
the veGan r package (Oksanen et al., 2019). Specifically, the effects
of warming, reduced rainfall, drought, and all two-way and three-
way interactions were evaluated after the extreme drought with
a permutational multivariate analysis of variance (PERMANOVA)
using the adonis2 function with 9,999 permutations. All factors and
interactions were considered as fixed in this analysis. The time after
rewetting (i.e. 1, 15 and 60 days) and its interaction with climate
change and the simulated drought event were also included as fixed
factors when addressing their effects during the recovery from the
simulated drought event.

Moreover, we evaluated the effect of climate change legacies
on the absolute response of multifunctionality after and during the
recovery from a simulated drought event (hypothesis iii) using LMs.
Specifically, we built a LM that include warming, reduced rainfall,
drought, and all two-way and three-way interactions as fixed factors
to evaluate the effects of climate change legacies and an extreme
drought event after such disturbance. The LMs used to evaluate
the effect of these treatments during the recovery from the simu-
lated drought event also include time after rewetting (i.e. 1, 15 and
60 days).

To help elucidating which individual functions drive the resis-
tance and resilience of multifunctionality to an extreme drought
event, we correlated the resistance or resilience of multifunctional-
ity and the resistance or resilience of individual soil functions using
Spearman correlations. We then evaluated whether the resistance
and resilience of particular soil microbial attributes (e.g. community
composition, richness, abundance and dominant microbial phyla) to
an extreme drought event were related to those of multifunction-
ality (hypothesis iv). To do so, we correlated the resistance or resil-
ience of soil microbial attributes and that of multifunctionality using
Spearman correlations. Similarly, we correlated the resistance or
resilience of soil microbial attributes and that of soil individual func-
tions using Spearman correlations. All statistical analyses were con-
ducted using the R 3.3.2 statistical software (R Core Team, 2015).
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3 | RESULTS
3.1 | Resistance and resilience of soil microbial
communities to extreme drought

We did not find a significant effect of climate change legacies on
the resistance or resilience of bacterial and fungal community com-
position to extreme drought (p > 0.1; Table S3 and Figure 2). The
resistance of fungal community composition was higher than that
of bacterial community composition across all climate change sce-
narios (Figure 2A,B), whereas the opposite results were observed
for the resilience to an extreme drought (Figure 2C,D). Similarly, cli-
mate change legacies did not affect the resistance or resilience of
the bacterial or fungal richness (p > 0.05; Table S4 and Figure 3A,B
for resistance, while ¢ and d for resilience). We also observed that
both bacterial and fungal richness were highly resistant to an ex-
treme drought event (i.e. resistance values over 0.6; Figure 3A,B).
Additionally, we also observed that the differences within treat-
ments were greater in the resistance of fungal community composi-
tion and richness compared to the resistance of these attributes of
bacterial communities (Figure 2A,B for microbial community com-
position, and Figure 3A,B for microbial richness). Accordingly, we
observed that the simulated extreme drought event had a significant
effect on bacterial (p < 0.05; Table S5 and Figure S2) but not on fun-
gal (p > 0.1; Table S5 and Figure S2) community composition, both
at the end of the drought and during the recovery stage. However,
we found that climate change legacies do not modulate the outcome
of the extreme drought, either at the end of the event or during the
recovery (p > 0.1 for the two-way interactions between warming or
reduced rainfall and simulated drought, and the three-way interac-
tion; Table S5; Figure S2).

When evaluating the resistance and resilience of microbial abun-
dance to extreme drought, we found that the resistance of bacterial
abundance in soils previously subjected to reduced rainfall, warming
and its combination was lower than in control soils (p = 0.002 for
both climate change treatments; Table S6, Figure 4A), whereas this
resistance was higher when evaluating fungal abundance (p = 0.004;
Table Sé; Figure 4B). Although the resilience of bacterial abun-
dance to an extreme drought event was greater in soils subjected
to reduced rainfall compared to control soils (p = 0.015; Table Sé;
Figure 4C), climate change legacies did not influence the resilience
of fungal abundance (p > 0.1; Table Sé; Figure 4D).

Different microbial phyla dominated the soil bacterial and fungal
communities (Figure S3). We did not find any climate change leg-
acies on the resistance of the dominant bacterial and fungal phyla
to extreme drought (p > 0.05, Tables S7 and S8 for the dominant
bacterial and fungal phyla, respectively). However, we observed
contrasting climate change legacies on the resilience of specific
dominant bacterial phyla (p < 0.05; Table S7), but not on that of dom-
inant fungal phyla (p < 0.05; Table S8). For example, the resilience of
Actinobacteria was greater in soils exposed to reduced rainfall com-
pared to control soils (p = 0.019; Table S7).

3.2 | Resistance and resilience of multifunctionality
to extreme drought

Neither the resistance nor the resilience of multifunctionality
to drought were affected by climate change legacies or the ex-
treme drought event (p > 0.1; Table S9; Figure 5). Similarly, cli-
mate change legacies did not influence the absolute response of

multifunctionality to a simulated extreme drought either at the

FIGURE 2 Climate change legacies on
the resistance and resilience of bacterial
(A and C, respectively) and fungal (B and
D, respectively) community composition
(i.e. Bray-Curtis similarity) to extreme
drought. Although the legend shows

four treatment levels, statistical analyses
were conducted as the interaction of
two climate change treatments (i.e.
reduced rainfall and warming; see Section
2). RE, reduced rainfall, WA, warming;

RE + WA, combination of reduced rainfall
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end of this disturbance or during the recovery (p > 0.05 for the
two-way interactions between prolonged warming or prolonged
reduced rainfall and laboratory drought and the three-way inter-
action; Figure S4; Table S10). The resistance and resilience of in-
dividual soil functions followed patterns similar to those observed
for multifunctionality (Table S11). Therefore, no significant climate
change legacies were observed in the resistance and resilience
of the eight single soil functions evaluated (p > 0.05; Table S12;
Figures S5-S7).

Time after rewetting (days)

3.3 | Coordination between the responses of soil
microbial communities and multifunctionality to an
extreme drought event

The resistance and resilience of multifunctionality were not cor-
related with those of soil bacterial and fungal attributes (i.e. com-
munity composition, richness and abundance; p > 0.1; Table S13).
However, the resistance and resilience of multifunctionality were

correlated with those of specific dominant phyla. Specifically, the
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FIGURE 5 Climate change legacies on the resistance (a) and
resilience (b) of multifunctionality to extreme drought. Rest of the
legend as in Figure 2

resistance of multifunctionality was positively and negatively cor-
related with that of Chytridiomycota and Proteobacteria, respectively
(p < 0.05; Table S13). We found similar results when we correlated
the resistance or resilience of soil individual functions and those of
soil microbial attributes (Tables S14-S16). The resistance and resil-
ience of most individual functions were not correlated to those of
bacterial and fungal community composition, richness and abun-
dance (Tables S14-5S16). However, the resistance and resilience of
soil individual functions were linked to those of certain bacterial and
fungal dominant phyla (Tables 5S14-516).

4 | DISCUSSION

The legacy effect of warming and reduced rainfall did not alter the
resistance and resilience of soil bacterial and fungal community
composition and richness to extreme drought. Accordingly, climate
change legacies did not affect the absolute response of bacterial and
fungal community composition to an extreme drought at the end
of the event and during the recovery. Such findings contrast with
our first and second hypotheses, and with previous studies showing
important legacy effects of previous climatic conditions on the re-
sponses of soil microbial communities to a subsequent drought event
(Bouskill et al., 2013; De Vries, Liiri, Bjgrnlund, Setal3, et al., 2012;
Hawkes & Keitt, 2015; Kaisermann et al., 2017). We hypothesize

two mechanisms to explain the absence of climate change lega-
cies. First, the influence of adaptive physiological responses (to
7 years of different climate change scenarios) typically tended to
be less pronounced than the responses of soil microbial communi-
ties and certain functions that they mediate, such as soil respira-
tion, to current ambient climatic regimes (i.e. the extreme drought
that we used in the laboratory experiment; Bradford et al., 2010;
Hochachka & Somero, 2002). Therefore, these microbial adapta-
tions to previous climatic conditions could be quickly overcome if
the subsequent drought event is large enough to reduce the fitness
of existing microbial taxa (Hawkes & Keitt, 2015). More precisely,
most previous studies showing significant legacy effects used mild
droughts such as 20%-30% of soil WHC (Bouskill et al., 2013; De
Vries, Liiri, Bjgrnlund, Setil3, et al., 2012; Meisner et al., 2018), while
we dried soils up to 3% of their WHC. Consequently, a very intense
drought such as that imposed in our study may overcome the legacy
effects of 7 years of warming and reduced rainfall. Second, soils in
dryland ecosystems, such as our study area, are naturally subjected
to dry conditions for prolonged periods of time (Castillo-Monroy
et al., 2011; Makhalanyane et al., 2015; Rey et al., 2011). Therefore,
the microbial communities from dryland soils, independently of the
climate change scenario they are subject to, are already adapted to
dry conditions (Curiel Yuste et al., 2014; Dacal et al., 2020; Garcia-
Palacios et al., 2018). Consequently, the magnitude of climate change
legacies may be less pronounced in drylands compared to more
humid areas such as temperate (De Vries, Liiri, Bjgrnlund, Bowker,
et al., 2012; Kaisermann et al., 2017; Meisner et al., 2018) or tropical
(Bouskill et al., 2013) ecosystems.

We found a high heterogeneity in the resistance of fungal com-
munity composition and richness to an extreme drought within
each of the climate change scenarios, which may cancel their effect.
This result may explain the absence of climate change legacies on
the resistance of fungal community composition and richness ob-
served. Most importantly, fungal community composition was more
resistant, but less resilient than bacterial community composition to
drought regardless of climate change legacies. Accordingly, bacte-
rial community composition was significantly affected by extreme
drought, both at the end of this disturbance and during the recovery,
whereas these effects were not observed for the fungal communi-
ties. These results agree with previous evidence showing that fungi
are more resistant than bacteria to drought, likely because of their
thicker cell walls and their ability to survive in spore forms, whereas
bacteria are more resilient due to their ability to rapidly grow after
rewetting (Barnard et al., 2013; De Vries & Shade, 2013; Fierer
et al., 2003; Schimel et al., 2007). Moreover, the high resistance of
both bacterial and fungal richness (i.e. resistance index over 0.6)
to drought observed in our experiment is consistent with previous
studies (Acosta-Martinez et al., 2014; Bachar et al., 2010; Naylor &
Coleman-Derr, 2018).

Despite the absence of climate change legacies on microbial
community diversity (composition and richness), such legacies al-
tered the resistance and resilience of bacterial and fungal abun-
dance to extreme drought. In support of our first hypothesis, fungal
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abundance was more resistant in soils previously subjected to re-
duced rainfall compared to control soils, whereas no climate change
legacies were found on the resilience of fungal abundance. Similarly,
we found a positive legacy effect of warming on the resistance of
fungal abundance, which contrasts with our expectation that fungal
abundance will be less resistant in soils previously exposed to warm-
ing (i.e. hypothesis ii). The increased resistance of fungal abundance
to drought may be explained by the selection of drought-tolerant
fungi under warming and reduced rainfall (Castro et al., 2010; Fierer
et al., 2003; Schimel et al., 2007). Therefore, our findings suggest
that the microbial traits responsible of drought and heat tolerance
are strongly related (De Vries & Shade, 2013). When addressing bac-
terial abundance, the resistance to extreme drought was lower in
warming and reduced rainfall soils, in agreement with our first and
second hypotheses. Prolonged changes in mean climatic conditions
may reduce the ability of soil microbes to cope with a subsequent
extreme drought event (Griffiths & Philippot, 2013). Conversely,
bacterial abundance was more resilient in soils subjected to reduced
rainfall compared to control soils, suggesting an increased capacity
to regrow using the labile C sources that are typically released after
rewetting (De Vries, Liiri, Bjgrnlund, Bowker, et al., 2012; Fierer
et al., 2003). Consequently, our findings showing that either ongoing
warming or prolonged drought influences the resistance and resil-
ience of soil microbial abundance to extreme drought suggest that
the effects of different climate change drivers (sustained warming
and rainfall reduction, and short extreme events) interact, condition-
ing the abundance of soil microbial communities.

Our findings also indicate that, contrary to our third hypothesis,
climate change does not affect the resistance or the resilience of
multifunctionality. Recent evidence suggested that climate change
legacies primarily occur via altered soil microbial communities
(Canarini et al., 2021). Therefore, our results may be due to the ab-
sence of climate change legacies on soil microbial community com-
position and richness observed. This finding supports the results of
a previous study showing no legacy effects of 4.5 years of altered
precipitation on the response of soil respiration to a subsequent
drought (Hawkes et al., 2020). Furthermore, our results agree with a
recent study showing that the multifunctionality of plots subjected
to 10 years of recurrent drought events did not differ from that of
control plots (Canarini et al., 2021). We observed that multifunction-
ality neither strongly resists nor recovers from an extreme drought,
as we found low resistance and resilience values (i.e. between 0 and
0.5) regardless of climate change legacies. Such result may be caused
by the observed reduction in microbial activity under drought con-
ditions due to: (a) limited substrate diffusion at low levels of soil
moisture and (b) microbial strategies to avoid dehydration and
death, such as switching to dormant states and accumulating com-
patible solutes inside their cells to equilibrate their internal water
potential (Borken & Matzner, 2009; Fierer & Schimel, 2003; Schimel
et al., 2007). Furthermore, the low resistance and resilience of mul-
tifunctionality found in our study could be explained by the small
amount of SOC observed in our soils (i.e. SOC < 1% in all soils). It has
been found that soils with low SOC contents have lower resistance

and resilience of soil functions (e.g. soil respiration, N leaching and
N,O emission) to disturbances than soils with high SOC contents (De
Vries, Liiri, Bjgrnlund, Bowker, et al., 2012; De Vries, Liiri, Bjgrnlund,
Setila, et al., 2012; Orwin et al., 2006). Low SOC content is typ-
ical of drylands mainly due to climate. Drylands are characterized
by low precipitation which limits plant production and organic mat-
ter inputs into the soil, whereas they have high temperatures which
promote decomposition (Lal, 2004; Plaza et al., 2018). This nutrient
scarcity usually found in drylands (Cookson et al., 2006; Schlesinger
et al., 1990) could lead to low values of multifunctionality, because
some of these nutrients (e.g. SOC or N) are induvial functions used
to calculate multifunctionality indices. Such low multifunctionality
values in dryland soils may explain the small differences in the re-
sistance and resilience observed between climate change scenarios.
Moreover, our results suggest that there were no climate change
legacies on the resistance and resilience of none of any of the eight
single functions evaluated. Consequently, our results indicate that
under an extreme drought such as that imposed in our experiment,
soil microbes from C-poor dryland soils are not fully able to sustain
and recover multiple soil functions simultaneously. These findings
suggest that SOC content might predict the resistance and resilience
of multifunctionality at a broader scale. Moreover, our results pro-
vide new insights about the ecosystem-level implications of the in-
teractive effects of different climate change components (i.e. mean
change and extreme events, which may inspire future studies at a
mechanistic-individual soil function level.

Previous findings have demonstrated that soil microbial diversity
and abundance determine multifunctionality (Delgado-Baquerizo
et al.,, 2016; Wagg et al., 2014), and that the resistance of certain soil
functions, such as soil respiration, to drought is controlled by soil
microbial abundance and the fungal:bacteria ratio (De Vries, Liiri,
Bjarnlund, Bowker, et al., 2012; De Vries & Shade, 2013). However,
much less is known about the relationship between the resistance
and resilience of multifunctionality and those of the soil microbial
community. Our results provide empirical evidence that neither the
resistance nor the resilience of multifunctionality were significantly
related to those of bacterial and fungal community composition, rich-
ness and abundance. These findings, which are in contrast with our
fourth hypothesis, agree with a previous study showing that the re-
sistance of multifunctionality was not related to soil microbial diver-
sity (Delgado-Baquerizo, Eldridge, et al., 2017). However, our results
indicate that the resistance and resilience of multifunctionality were
linked to those of specific bacterial and fungal dominant phyla. This
could be explained by our findings showing that prolonged climate
change affects specific soil microbial taxa, but not microbial commu-
nity composition or richness, as it was also observed in previous stud-
ies (Acosta-Martinez et al., 2014; Ochoa-Hueso et al., 2018; Preece
et al., 2019). Interestingly, we found that the resistance of multi-
functionality was correlated with that of Chytridiomycota and that
the resilience of multifunctionality is linked to that of Proteobacteria.
These results are consistent with previous evidence suggesting that
observed links between the resistance of multifunctionality and mi-
crobial community composition occur through key microbial taxa that
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control the resistance of soil functioning to climate change (De Vries
& Shade, 2013; Delgado-Baquerizo, Eldridge, et al., 2017). Given
that Chytridiomycota degrade a wide array of substrates including
chitin and cellulose (Longcore & Simmons, 2020; Powell, 1993) and
Proteobacteria are involved in different processes of the N cycle such
as nitrification (Miller & Smith, 2009; Teske et al., 1994), both phyla
play a key role in soil functioning, especially in nutrient cycling. The
ability of Chytridiomycota to resist drought (Gleason et al., 2004,
2006) and that of Proteobacteria to rapidly recover from this distur-
bance after rewetting (Placella et al., 2012; Singh et al., 2010) may
explain their importance in driving the resistance and resilience of
multifunctionality to extreme drought, respectively.

In conclusion, our results indicate that the anthropogenic climate
change legacies (warming and reduced rainfall) on soil microbial com-
munities can substantially alter the ability of overall bacterial and
fungal community abundance and specific microbial taxa to cope
with an extreme drought event. Interestingly, the magnitude and
direction of the legacy effect were similar for both warming and re-
duced rainfall, indicating that microbial traits related to the response
to both climate change scenarios are intricately linked. However,
multifunctionality and bacterial and fungal community composition
and richness did not show any climate change legacies. These find-
ings suggest that extreme events may be more important drivers of
multifunctionality than sustained climate change conditions such
as warming and reduced rainfall. Most importantly, the observed
links between the resistance and resilience of multifunctionality to
extreme drought and those of specific microbial taxa highlight the
importance of preserving and improving soil microbial communities
with special attention to the conservation of key microbial taxa that
are essential to maintain multifunctionality under forecasted climate
change scenarios. Our findings provide new insights that advance
our understanding of the interacting effects between multiple cli-
mate change components that occur simultaneously and their impli-

cations for soil biodiversity and functioning.

ACKNOWLEDGEMENTS

This research was funded by the European Research Council (ERC
Grant agreement 647038 [BIODESERT]). M.D. was supported by a FPU
fellowship from the Spanish Ministry of Education, Culture and Sports
(FPU-15/00392) and by the BIODESERT project. P.G.-P. is supported
by a Ramén y Cajal grant from the Spanish Ministry of Science and
Innovation (RYC2018-024766-1). S.A. was supported by the Spanish
MINECO via the DIGGING_DEEPER project through the 2015-2016
BiodivERsSA3/FACCE-JPI joint call for research proposals. The B.K.S.
lab on soil biodiversity and ecosystem functions is supported by the
Australian Research Council (DP 190103714). FT.M. and S.A. acknowl-
edge support from the Generalitat Valenciana (CIDEGENT/2018/041).
We thank Sonia Ruiz for her help with laboratory analyses and Luis

Merino for his helpful comments to improve the manuscript.

AUTHORS' CONTRIBUTIONS
F.T.M. designed the experiment; F.T.M., M.D. and P.G.-P. developed
the original idea of the analyses presented in the manuscript; M.D.

and S.A. conducted the laboratory work; B.K.S. and J.W. provided
the amplicon sequencing data and bioinformatics analyses; M.D.
performed the statistical analyses with inputs from F.T.M. and P.G.-P.
All authors contributed to data interpretation. M.D. wrote the first
version of the manuscript, which was revised by all co-authors.

COMPETING INTERESTS
Pablo Garcia-Palacios is an Associate Editor of Functional Ecology,
but took no part in the peer review and decision-making processes

for this article.

DATA AVAILABILITY STATEMENT

Data in support of these findings and the R code for the statisti-
cal models are available on Figshare at https://doi.org/10.6084/
m9.figshare.15052344

ORCID
Marina Dacal "= https://orcid.org/0000-0002-1321-9373
https://orcid.org/0000-0002-6367-4761
https://orcid.org/0000-0003-4376-2964
https://orcid.org/0000-0002-1822-2176
https://orcid.org/0000-0003-4413-4185

https://orcid.org/0000-0002-7434-4856

Pablo Garcia-Palacios
Sergio Asensio
Juntao Wang
Brajesh K. Singh
Fernando T. Maestre

REFERENCES

Acosta-Martinez, V., Cotton, J., Gardner, T., Moore-Kucera, J., Zak, J.,
Wester, D., & Cox, S. (2014). Predominant bacterial and fungal as-
semblages in agricultural soils during a record drought/heat wave
and linkages to enzyme activities of biogeochemical cycling. Applied
Soil Ecology, 84, 69-82. https://doi.org/10.1016/j.aps0il.2014.06.005

Allen, S. E., Grimshaw, H. M., & Rowland, A. P. (1986). Chemical analysis.
In P. D. Moore & S. B. Chapman (Eds.), Methods of plant ecology (pp.
285-344). Blackwell Scientific.

Anderson, J. M., & Ingram, J. S. I. (1993). Tropical soil biology and fertility:
A handbook of methods. CAB International.

Bachar, A., Al-Ashhab, A., Soares, M. |. M., Sklarz, M. Y., Angel, R., Ungar,
E. D., & Gillor, O. (2010). Soil microbial abundance and diversity
along a low precipitation gradient. Microbial Ecology, 60(2), 453-
461. https://doi.org/10.1007/s00248-010-9727-1

Bahram, M., Hildebrand, F., Forslund, S. K., Anderson, J. L., Soudzilovskaia,
N. A., Bodegom, P. M., & Bork, P. (2018). Structure and function of
the global topsoil microbiome. Nature, 560(7717), 233-237. https://
doi.org/10.1038/541586-018-0386-6

Bardgett, R. D., & Van Der Putten, W. H. (2014). Belowground biodi-
versity and ecosystem functioning. Nature, 515(7528), 505-511.
https://doi.org/10.1038/nature13855

Barnard, R. L., Osborne, C. A., & Firestone, M. K. (2013). Responses of soil
bacterial and fungal communities to extreme desiccation and re-
wetting. ISME Journal, 7(11), 2229-2241. https://doi.org/10.1038/
ismej.2013.104

Bell, C. W,, Fricks, B. E., Rocca, J. D., Steinweg, J. M., McMahon, S.
K., & Wallenstein, M. D. (2013). High-throughput fluorometric
measurement of potential soil extracellular enzyme activities.
Journal of Visualized Experiments: JOVE, 81, 1-16. https://doi.
org/10.3791/50961

Borken, W., & Matzner, E. (2009). Reappraisal of drying and wetting ef-
fects on C and N mineralization and fluxes in soils. Global Change
Biology, 15(4), 808-824. https://doi.org/10.1111/j.1365-2486.
2008.01681.x


https://doi.org/10.6084/m9.figshare.15052344
https://doi.org/10.6084/m9.figshare.15052344
https://orcid.org/0000-0002-1321-9373
https://orcid.org/0000-0002-1321-9373
https://orcid.org/0000-0002-6367-4761
https://orcid.org/0000-0002-6367-4761
https://orcid.org/0000-0003-4376-2964
https://orcid.org/0000-0003-4376-2964
https://orcid.org/0000-0002-1822-2176
https://orcid.org/0000-0002-1822-2176
https://orcid.org/0000-0003-4413-4185
https://orcid.org/0000-0003-4413-4185
https://orcid.org/0000-0002-7434-4856
https://orcid.org/0000-0002-7434-4856
https://doi.org/10.1016/j.apsoil.2014.06.005
https://doi.org/10.1007/s00248-010-9727-1
https://doi.org/10.1038/s41586-018-0386-6
https://doi.org/10.1038/s41586-018-0386-6
https://doi.org/10.1038/nature13855
https://doi.org/10.1038/ismej.2013.104
https://doi.org/10.1038/ismej.2013.104
https://doi.org/10.3791/50961
https://doi.org/10.3791/50961
https://doi.org/10.1111/j.1365-2486.2008.01681.x
https://doi.org/10.1111/j.1365-2486.2008.01681.x

DACALET AL.

Functional Ecology 11

Bouskill, N. J., Lim, H. C., Borglin, S., Salve, R., Wood, T. E., Silver, W.
L., & Brodie, E. L. (2013). Pre-exposure to drought increases the
resistance of tropical forest soil bacterial communities to extended
drought. ISME Journal, 7(2), 384-394. https://doi.org/10.1038/
ismej.2012.113

Bradford, M. A., Watts, B. W., & Davies, C. A. (2010). Thermal ad-
aptation of heterotrophic soil respiration in laboratory micro-
cosms. Global Change Biology, 16(5), 1576-1588. https://doi.
org/10.1111/j.1365-2486.2009.02040.x

Byrnes, J. E. K., Gamfeldt, L., Isbell, F., Lefcheck, J. S., Griffin, J. N.,
Hector, A., Cardinale, B. J., Hooper, D. U., Dee, L. E., & Emmett
Duffy, J. (2014). Investigating the relationship between biodi-
versity and ecosystem multifunctionality: Challenges and solu-
tions. Methods in Ecology and Evolution, 5(2), 111-124. https://doi.
org/10.1111/2041-210X.12143

Campbell, C. D., Chapman, S. J., Cameron, C. M., Davidson, M. S., &
Potts, J. M. (2003). A rapid microtiter plate method to measure
carbon dioxide evolved from carbon substrate amendments
so as to determine the physiological profiles of soil microbial
communities by using whole soil. Applied and Environmental
Microbiology,  69(6), 3593-3599. https://doi.org/10.1128/
AEM.69.6.3593-3599.2003

Canarini, A., Schmidt, H., Fuchslueger, L., Martin, V., Herbold, C. W.,
Zezula, D., Glindler, P., Hasibeder, R., Jecmenica, M., Bahn, M., &
Richter, A. (2021). Ecological memory of recurrent drought modi-
fies soil processes via changes in soil microbial community. Nature
Communications, 12(1), 5308. https://doi.org/10.1038/s41467-
021-25675-4

Cantén, Y., Solé-Benet, A., & Domingo, F. (2004). Temporal and spatial
patterns of soil moisture in semiarid badlands of SE Spain. Journal
of Hydrology, 285(1-4), 199-214. https://doi.org/10.1016/j.jhydr
01.2003.08.018

Castillo-Monroy, A. P., Maestre, F. T., Rey, A., Soliveres, S., & Garcia-
Palacios, P. (2011). Biological soil crust microsites are the main
contributor to soil respiration in a semiarid ecosystem. Ecosystems,
14(5), 835-847. https://doi.org/10.1007/s10021-011-9449-3

Castro, H. F, Classen, A. T., Austin, E. E., Norby, R. J., & Schadt, C. W.
(2010). Soil microbial community responses to multiple experimen-
tal climate change drivers. Applied and Environmental Microbiology,
76(4), 999-1007. https://doi.org/10.1128/AEM.02874-09

Cookson, W. R,, Miiller, C., O'Brien, P. A., Murphy, D. V., & Grierson, P.
F. (2006). Nitrogen dynamics in an Australian semiarid grassland
soil. Ecology, 87(8), 2047-2057. https://doi.org/10.1890/0012-
9658(2006)87[2047:NDIAAS]2.0.CO;2

Curiel Yuste, J., Fernandez-Gonzalez, A. J., Fernandez-Lopez, M., Ogaya,
R., Penuelas, J., Sardans, J., & Lloret, F. (2014). Strong functional sta-
bility of soil microbial communities under semiarid Mediterranean
conditions and subjected to long-term shifts in baseline precip-
itation. Soil Biology and Biochemistry, 69, 223-233. https://doi.
org/10.1016/j.s0ilbio.2013.10.045

Dacal, M., Garcia-Palacios, P., Asensio, S., Cano-Diaz, C., Gozalo, B.,
Ochoa, V., & Maestre, F. T. (2020). Contrasting mechanisms under-
lie short- and longer-term soil respiration responses to experimen-
tal warming in a dryland ecosystem. Global Change Biology, 26(9),
5254-5266. https://doi.org/10.1111/gcb.15209

de Vries, F. T., Griffiths, R. |, Bailey, M., Craig, H., Girlanda, M., Gweon,
H. S., Hallin, S., Kaisermann, A., Keith, A. M., Kretzschmar, M.,
Lemanceau, P., Lumini, E., Mason, K. E., Oliver, A., Ostle, N., Prosser,
J. 1., Thion, C., Thomson, B., & Bardgett, R. D. (2018). Soil bacte-
rial networks are less stable under drought than fungal networks.
Nature Communications, 9, 3033. https://doi.org/10.1038/s41467-
018-05516-7

De Vries, F. T., Liiri, M. E., Bjgrnlund, L., Bowker, M. A., Christensen, S.,
Setdla, H. M., & Bardgett, R. D. (2012). Land use alters the resis-
tance and resilience of soil food webs to drought. Nature Climate
Change, 2(4), 276-280. https://doi.org/10.1038/nclimate1368

De Vries, F. T., Liiri, M. E., Bjgrnlund, L., Setéld, H. M., Christensen, S., &
Bardgett, R. D. (2012). Legacy effects of drought on plant growth
and the soil food web. Oecologia, 170(3), 821-833. https://doi.
org/10.1007/s00442-012-2331-y

De Vries, F. T., & Shade, A. (2013). Controls on soil microbial commu-
nity stability under climate change. Frontiers in Microbiology,
4(September), 1-16. https://doi.org/10.3389/fmicb.2013.00265

Delgado-Baquerizo, M., Bissett, A., Eldridge, D. J., Maestre, F. T., He,
J.-Z., Wang, J.-T., Hamonts, K., Liu, Y.-R., Singh, B. K., & Fierer, N.
(2017). Palaeoclimate explains a unique proportion of the global
variation in soil bacterial communities. Nature Ecology and Evolution,
1(9), 1339-1347. https://doi.org/10.1038/s41559-017-0259-7

Delgado-Baquerizo, M., Eldridge, D. J., Ochoa, V., Gozalo, B., Singh, B. K.,
& Maestre, F. T. (2017). Soil microbial communities drive the resis-
tance of ecosystem multifunctionality to global change in drylands
across the globe. Ecology Letters, 20(10), 1295-1305. https://doi.
org/10.1111/ele. 12826

Delgado-Baquerizo, M., & Gallardo, A. (2011). Depolymerization and
mineralization rates at 12 Mediterranean sites with varying soil N
availability. A test for the Schimel and Bennett model. Soil Biology
and Biochemistry, 43(3), 693-696. https://doi.org/10.1016/j.soilb
i0.2010.11.030

Delgado-Baquerizo, M., Maestre, F. T., Reich, P. B., Jeffries, T. C., Gaitan,
J. )., Encinar, D., Berdugo, M., Campbell, C. D., & Singh, B. K. (2016).
Microbial diversity drives multifunctionality in terrestrial ecosys-
tems. Nature Communications, 7, 1-8. https://doi.org/10.1038/
ncomms10541

Evans, S. E., & Wallenstein, M. D. (2012). Soil microbial community re-
sponse to drying and rewetting stress: Does historical precipitation
regime matter? Biogeochemistry, 109(1-3), 101-116. https://doi.
org/10.1007/s10533-011-9638-3

Fanin, N., & Bertrand, I. (2016). Aboveground litter quality is a better
predictor than belowground microbial communities when estimat-
ing carbon mineralization along a land-use gradient. Soil Biology
and Biochemistry, 94, 48-60. https://doi.org/10.1016/j.soilb
i0.2015.11.007

Fierer, N., & Jackson, R. B. (2006). The diversity and biogeography of
soil bacterial communities. Proceedings of the National Academy of
Sciences of the United States of America, 103(3), 626-631. https://
doi.org/10.1073/pnas.0507535103

Fierer, N., & Schimel, J. P. (2003). A proposed mechanism for the pulse in
carbon dioxide production commonly observed following the rapid
rewetting of a dry soil. Soil Science Society of America Journal, 67(3),
798. https://doi.org/10.2136/ss5aj2003.0798

Fierer, N., Schimel, J. P., & Holden, P. A. (2003). Influence of drying-
rewetting frequency on soil bacterial community structure.
Microbial Ecology, 45(1), 63-71. https://doi.org/10.1007/s0024
8-002-1007-2

Frey, S. D., Drijber, R., Smith, H., & Melillo, J. M. (2008). Microbial bio-
mass, functional capacity, and community structure after 12 years
of soil warming. Soil Biology and Biochemistry, 40(11), 2904-2907.
https://doi.org/10.1016/j.s0ilbio.2008.07.020

Garcia-Palacios, P., Escolar, C., Dacal, M., Delgado-Baquerizo, M.,
Gozalo, B., Ochoa, V., & Maestre, F. T. (2018). Pathways regulating
decreased soil respiration with warming in a biocrust-dominated
dryland. Global Change Biology, 24(10), 4645-4656. https://doi.
org/10.1111/gcb.14399

Garcia-Palacios, P., Milla, R., Alvaro-Sanchez, M., Martin-Robles, N., &
Maestro, M. (2013). Application of a high-throughput laboratory
method to assess litter decomposition rates in multiple-species ex-
periments. Soil Biology and Biochemistry, 57, 929-932. https://doi.
org/10.1016/j.s0ilbio.2012.09.029

Gibelin, A. L., & Déqué, M. (2003). Anthropogenic climate change over
the Mediterranean region simulated by a global variable resolution
model. Climate Dynamics, 20(4), 327-339. https://doi.org/10.1007/
s00382-002-0277-1


https://doi.org/10.1038/ismej.2012.113
https://doi.org/10.1038/ismej.2012.113
https://doi.org/10.1111/j.1365-2486.2009.02040.x
https://doi.org/10.1111/j.1365-2486.2009.02040.x
https://doi.org/10.1111/2041-210X.12143
https://doi.org/10.1111/2041-210X.12143
https://doi.org/10.1128/AEM.69.6.3593-3599.2003
https://doi.org/10.1128/AEM.69.6.3593-3599.2003
https://doi.org/10.1038/s41467-021-25675-4
https://doi.org/10.1038/s41467-021-25675-4
https://doi.org/10.1016/j.jhydrol.2003.08.018
https://doi.org/10.1016/j.jhydrol.2003.08.018
https://doi.org/10.1007/s10021-011-9449-3
https://doi.org/10.1128/AEM.02874-09
https://doi.org/10.1890/0012-9658(2006)87%5B2047:NDIAAS%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B2047:NDIAAS%5D2.0.CO;2
https://doi.org/10.1016/j.soilbio.2013.10.045
https://doi.org/10.1016/j.soilbio.2013.10.045
https://doi.org/10.1111/gcb.15209
https://doi.org/10.1038/s41467-018-05516-7
https://doi.org/10.1038/s41467-018-05516-7
https://doi.org/10.1038/nclimate1368
https://doi.org/10.1007/s00442-012-2331-y
https://doi.org/10.1007/s00442-012-2331-y
https://doi.org/10.3389/fmicb.2013.00265
https://doi.org/10.1038/s41559-017-0259-7
https://doi.org/10.1111/ele.12826
https://doi.org/10.1111/ele.12826
https://doi.org/10.1016/j.soilbio.2010.11.030
https://doi.org/10.1016/j.soilbio.2010.11.030
https://doi.org/10.1038/ncomms10541
https://doi.org/10.1038/ncomms10541
https://doi.org/10.1007/s10533-011-9638-3
https://doi.org/10.1007/s10533-011-9638-3
https://doi.org/10.1016/j.soilbio.2015.11.007
https://doi.org/10.1016/j.soilbio.2015.11.007
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.2136/sssaj2003.0798
https://doi.org/10.1007/s00248-002-1007-2
https://doi.org/10.1007/s00248-002-1007-2
https://doi.org/10.1016/j.soilbio.2008.07.020
https://doi.org/10.1111/gcb.14399
https://doi.org/10.1111/gcb.14399
https://doi.org/10.1016/j.soilbio.2012.09.029
https://doi.org/10.1016/j.soilbio.2012.09.029
https://doi.org/10.1007/s00382-002-0277-1
https://doi.org/10.1007/s00382-002-0277-1

12 Functional Ecology

DACAL ET AL.

Gleason, F. H., Letcher, P. M., & McGee, P. A. (2004). Some
Chytridiomycota in soil recover from drying and high temperatures.
Mycological Research, 108(5), 583-589. https://doi.org/10.1017/
S0953756204009736

Gleason, F. H., Midgley, D. J., Letcher, P. M., & McGee, P. A. (2006).
Can soil Chytridiomycota survive and grow in different osmotic
potentials? Mycological Research, 110(7), 869-875. https://doi.
org/10.1016/j.mycres.2006.04.002

Gordon, H., Haygarth, P. M., & Bardgett, R. D. (2008). Drying and rewet-
ting effects on soil microbial community composition and nutrient
leaching. Soil Biology and Biochemistry, 40(2), 302-311. https://doi.
org/10.1016/j.s0ilbio.2007.08.008

Griffiths, B. S., & Philippot, L. (2013). Insights into the resistance and re-
silience of the soil microbial community. FEMS Microbiology Reviews,
37(2), 112-129. https://doi.org/10.1111/j.1574-6976.2012.00343.x

Gundale, M. J., Wardle, D. A., Kardol, P., Van der Putten, W. H., & Lucas,
R. W. (2017). Soil handling methods should be selected based on
research questions and goals. The New Phytologist, 216(1), 18-23.
https://doi.org/10.1111/nph.14659

Hawkes, C. V., & Keitt, T. H. (2015). Resilience vs. historical contingency
in microbial responses to environmental change. Ecology Letters,
18(7), 612-625. https://doi.org/10.1111/ele.12451

Hawkes, C. V., Shinada, M., & Kivlin, S. N. (2020). Historical climate
legacies on soil respiration persist despite extreme changes in
rainfall. Soil Biology and Biochemistry, 143, 107752. https://doi.
org/10.1016/j.s0ilbio.2020.107752

Hawkes, C. V., Waring, B. G., Rocca, J. D., & Kivlin, S. N. (2017). Historical
climate controls soil respiration responses to current soil mois-
ture. Proceedings of the National Academy of Sciences of the United
States of America, 114(24), 6322-6327. https://doi.org/10.1073/
pnas.1620811114

Herlemann, D. P. R., Labrenz, M., Jirgens, K., Bertilsson, S., Waniek, J.
J., & Andersson, A. F. (2011). Transitions in bacterial communities
along the 2000 km salinity gradient of the Baltic Sea. The ISME
Journal, 5(10), 1571-1579. https://doi.org/10.1038/ismej.2011.41

Hochachka, P. W., & Somero, G. N. (2002). Biochemical adaptation:
Mechanism and process in physiological evolution. Oxford University
Press.

Huntington, T. G. (2006). Evidence for intensification of the global water
cycle: Review and synthesis. Journal of Hydrology, 319(1-4), 83-95.
https://doi.org/10.1016/j.jhydrol.2005.07.003

lhrmark, K., Bodeker, I. T. M., Cruz-Martinez, K., Friberg, H., Kubartova,
A., Schenck, J., Strid, Y., Stenlid, J., Brandstrém-Durling, M.,
Clemmensen, K. E., & Lindahl, B. D. (2012). New primers to amplify
the fungal ITS2 region—Evaluation by 454-sequencing of artificial
and natural communities. FEMS Microbiology Ecology, 82(3), 666~
677. https://doi.org/10.1111/j.1574-6941.2012.01437.x

Kaisermann, A., De Vries, F. T., Griffiths, R. |., & Bardgett, R. D. (2017).
Legacy effects of drought on plant-soil feedbacks and plant-plant
interactions. New Phytologist, 215(4), 1413-1424. https://doi.
org/10.1111/nph.14661

Lal,R.(2004). Carbon sequestrationin dryland ecosystems. Environmental
Management, 33(4), 528-544. https://doi.org/10.1007/s0026
7-003-9110-9

Locey, K. J., & Lennon, J. T. (2016). Scaling laws predict global micro-
bial diversity. Proceedings of the National Academy of Sciences of
the United States of America, 113(21), 5970-5975. https://doi.
org/10.1073/pnas.1521291113

Longcore, J. E., & Simmons, D. R. (2020). Chytridiomycota. ELS, 1-9,
https://doi.org/10.1002/9780470015902.a0000349.pub4

Maestre, F. T., Escolar, C., de Guevara, M. L., Quero, J. L., Lazaro, R,
Delgado-Baquerizo, M., Ochoa, V., Berdugo, M., Gozalo, B., &
Gallardo, A. (2013). Changes in biocrust cover drive carbon cycle
responses to climate change in drylands. Global Change Biology,
19(12), 3835-3847. https://doi.org/10.1111/gcb.12306

Maestre, F. T., Quero, J. L., Gotelli, N. J., Escudero, A., Ochoa, V., Delgado-
Baquerizo, M., Garcia-Gémez, M., Bowker, M. A., Soliveres, S.,
Escolar, C., Garcia-Palacios, P., Berdugo, M., Valencia, E., Gozalo,
B., Gallardo, A., Aguilera, L., Arredondo, T., Blones, J., Boeken, B., ...
Zaady, E. (2012). Plant species richness and ecosystem multifunc-
tionality in global drylands. Science, 335(January), 214-219. https://
doi.org/10.1126/science.1215442

Makhalanyane, T. P., Valverde, A., Gunnigle, E., Frossard, A., Ramond, J.
B., & Cowan, D. A. (2015). Microbial ecology of hot desert edaphic
systems. FEMS Microbiology Reviews, 39(2), 203-221. https://doi.
org/10.1093/femsre/fuu011

Mancinelli, R., Marinari, S., Di Felice, V., Savin, M. C., & Campiglia, E.
(2013). Soil property, CO, emission and aridity index as agroeco-
logical indicators to assess the mineralization of cover crop green
manure in a Mediterranean environment. Ecological Indicators, 34,
31-40. https://doi.org/10.1016/j.ecolind.2013.04.011

Manning, P., van der Plas, F., Soliveres, S., Allan, E., Maestre, F. T., Mace,
G., Whittingham, M. J., & Fischer, M. (2018). Redefining ecosys-
tem multifunctionality. Nature Ecology and Evolution, 2(3), 427-436.
https://doi.org/10.1038/s41559-017-0461-7

Meehl, G. A, Stocker, T. F., Collins, W. D., Friedlingstein, P., Gaye, A. T,
Gregory, J. M., Kitoh, A., Knutti, R., Murphy, J. M., Noda, A., Raper,
S. C. B., Watterson, I. G., Weaver, A. J., & Zhao, Z.-C. (2007). Global
climate projections. In S. Solomon, D. Qin, M. Manning, Z. Chen, M.
Marquis, K. B. Averyt, M. Tignor, & H. L. Miller (Eds.), Climate change
2007: The physical science basis. Contribution of working Group | to the
fourth assessment report of the Intergovernmental Panel on Climate
Change (pp. 747-846). Cambridge University Press.

Meisner, A., Jacquiod, S., Snoek, B. L., Ten Hooven, F. C., & van der
Putten, W. H. (2018). Drought legacy effects on the composition
of soil fungal and prokaryote communities. Frontiers in Microbiology,
9(March), 1-12. https://doi.org/10.3389/fmicbh.2018.00294

Miller, D. N., & Smith, R. L. (2009). Microbial characterization of nitri-
fication in a shallow, nitrogen-contaminated aquifer, Cape Cod,
Massachusetts and detection of a novel cluster associated with
nitrifying Betaproteobacteria. Journal of Contaminant Hydrology,
103(3-4),182-193. https://doi.org/10.1016/j.jconhyd.2008.10.011

Naylor, D., & Coleman-Derr, D.(2018). Drought stress and root-associated
bacterial communities. Frontiers in Plant Science, 8(January), 1-16.
https://doi.org/10.3389/fpls.2017.02223

Ochoa-Hueso, R., Collins, S. L., Delgado-Baquerizo, M., Hamonts, K.,
Pockman, W. T., Sinsabaugh, R. L., Smith, M. D., Knapp, A. K., &
Power, S. A. (2018). Drought consistently alters the composition
of soil fungal and bacterial communities in grasslands from two
continents. Global Change Biology, 24(7), 2818-2827. https://doi.
org/10.1111/gcb.14113

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., Mcglinn,
D., Minchin, P.R., O'Hara, R. B., Simpson, G. L., Solymos, P., Stevens,
M. H. H., Szoecs, E., & Wagner, H. (2019). vegan: Community ecol-
ogy package. R package version 2.4-2. Community Ecology Package,
2.5-6, 1-296. Retrieved from https://cran.r-project.org/web/packa
ges/vegan/vegan.pdf

Olsen, S. R,, Cole, C. V., Watanabe, F. S., & Dean, L. A. (1954). Estimation
of available phosphorus in soils by extraction with sodium bicarbonate.
USDA Circular 939, U.S. Government Printing Office.

Orwin, K. H., & Wardle, D. A. (2004). New indices for quantifying the
resistance and resilience of soil biota to exogenous disturbances.
Soil Biology and Biochemistry, 36(11), 1907-1912. https://doi.
org/10.1016/j.s0ilbio.2004.04.036

Orwin, K. H., Wardle, D. A., Greenfield, L. G., Setidld, H., Orwin,
K. H., Wardle, D. A., & Greenfield, L. G. (2006). Context-
dependent changes in the resistance and resilience of soil
microbes to an experimental disturbance for three primary
plant chronosequences. Oikos, 112(1), 196-208. https://doi.
org/10.1111/j.0030-1299.2006.13813.x


https://doi.org/10.1017/S0953756204009736
https://doi.org/10.1017/S0953756204009736
https://doi.org/10.1016/j.mycres.2006.04.002
https://doi.org/10.1016/j.mycres.2006.04.002
https://doi.org/10.1016/j.soilbio.2007.08.008
https://doi.org/10.1016/j.soilbio.2007.08.008
https://doi.org/10.1111/j.1574-6976.2012.00343.x
https://doi.org/10.1111/nph.14659
https://doi.org/10.1111/ele.12451
https://doi.org/10.1016/j.soilbio.2020.107752
https://doi.org/10.1016/j.soilbio.2020.107752
https://doi.org/10.1073/pnas.1620811114
https://doi.org/10.1073/pnas.1620811114
https://doi.org/10.1038/ismej.2011.41
https://doi.org/10.1016/j.jhydrol.2005.07.003
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://doi.org/10.1111/nph.14661
https://doi.org/10.1111/nph.14661
https://doi.org/10.1007/s00267-003-9110-9
https://doi.org/10.1007/s00267-003-9110-9
https://doi.org/10.1073/pnas.1521291113
https://doi.org/10.1073/pnas.1521291113
https://doi.org/10.1002/9780470015902.a0000349.pub4
https://doi.org/10.1111/gcb.12306
https://doi.org/10.1126/science.1215442
https://doi.org/10.1126/science.1215442
https://doi.org/10.1093/femsre/fuu011
https://doi.org/10.1093/femsre/fuu011
https://doi.org/10.1016/j.ecolind.2013.04.011
https://doi.org/10.1038/s41559-017-0461-7
https://doi.org/10.3389/fmicb.2018.00294
https://doi.org/10.1016/j.jconhyd.2008.10.011
https://doi.org/10.3389/fpls.2017.02223
https://doi.org/10.1111/gcb.14113
https://doi.org/10.1111/gcb.14113
https://cran.r-project.org/web/packages/vegan/vegan.pdf
https://cran.r-project.org/web/packages/vegan/vegan.pdf
https://doi.org/10.1016/j.soilbio.2004.04.036
https://doi.org/10.1016/j.soilbio.2004.04.036
https://doi.org/10.1111/j.0030-1299.2006.13813.x
https://doi.org/10.1111/j.0030-1299.2006.13813.x

DACALET AL.

Functional Ecology 13

Piton, G., Foulquier, A., Martinez-Garcia, L. B., Legay, N., Arnoldi, C.,
Brussaard, L., Hedlund, K., da Silva, P. M., Nascimento, E., Reis, F.,
Sousa, J. P, Clément, J.-C., & De Deyn, G. B. (2020). Resistance-
recovery trade-off of soil microbial communities under altered
rain regimes: An experimental test across European agroeco-
systems. Journal of Applied Ecology, 58(2), 406-418. https://doi.
org/10.1111/1365-2664.13774

Placella, S. A., Brodie, E. L., & Firestone, M. K. (2012). Rainfall-induced
carbon dioxide pulses result from sequential resuscitation of phy-
logenetically clustered microbial groups. Proceedings of the National
Academy of Sciences of the United States of America, 109(27), 10931~
10936. https://doi.org/10.1073/pnas.1204306109

Plaza, C., Gasco, G., Méndez, A. M., Zaccone, C., & Maestre, F. T.
(2018). Soil organic matter in dryland ecosystems. In C. Garcia, P.
Nannipieri, & T. Hernandez (Eds.), The future of soil carbon: Its con-
servation and formation (Vol. 65, pp. 39-69). Elsevier Inc. https://doi.
org/10.1016/B978-0-12-811687-6.00002-X

Powell, M. J. (1993). Looking at mycology with a Janus face: A glimpse at
Chytridiomycetes active in the environment. Mycologia, 85(1), 1-20.
https://doi.org/10.1080/00275514.1993.12026239

Preece, C., Verbruggen, E., Liu, L., Weedon, J. T., & Pefiuelas, J. (2019).
Effects of past and current drought on the composition and diver-
sity of soil microbial communities. Soil Biology and Biochemistry,
131, 28-39. https://doi.org/10.1016/j.s0ilbio.2018.12.022

R Core Team. (2015). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. Retrieved from http://
www.r-project.org/

Rey, A., Pegoraro, E., Oyonarte, C., Were, A., Escribano, P., & Raimundo,
J.(2011). Impact of land degradation on soil respiration in a steppe
(Stipa tenacissima L.) semi-arid ecosystem in the SE of Spain. Soil
Biology and Biochemistry, 43(2), 393-403. https://doi.org/10.1016/j.
s0ilbio.2010.11.007

Rinnan, R., Michelsen, A., Baath, E., & Jonasson, S. (2007). Fifteen years
of climate change manipulations alter soil microbial communities in
a subarctic heath ecosystem. Global Change Biology, 13(1), 28-39.
https://doi.org/10.1111/j.1365-2486.2006.01263.x

Rousk, J., Smith, A. R., & Jones, D. L. (2013). Investigating the long-term
legacy of drought and warming on the soil microbial community
across five European shrubland ecosystems. Global Change Biology,
19(12), 3872-3884. https://doi.org/10.1111/gcb.12338

Schimel, J. P., Balser, T. C., & Wallenstein, M. (2007). Microbial stress-
response physiology and its implications for ecosystem function.
Ecology, 88(6), 1386-1394. https://doi.org/10.1890/06-0219

Schlesinger, W. H., Reynolds, J. F., Cunningham, G. L., Huenneke, L. F.,
Jarrell, W. M., Virginia, R., & Whitford, W. G. (1990). Biological
feedbacks in global desertification. Science, 247(8), 1043-1048.
https://doi.org/10.1126/science.247.4946.1043

Seneviratne, S. I., Nicholls, N., Easterling, D., Goodess, C. M., Kanae, S.,
Kossin, J., Luo, Y., Marengo, J., Mc Innes, K., Rahimi, M., Reichstein,
M., Sorteberg, A., Vera, C., Zhang, X., Rusticucci, M., Semenov, V.,
Alexander, L. V., Allen, S., Benito, G., ... Zwiers, F. W. (2012). Changes
in climate extremes and their impacts on the natural physical environ-
ment. In C. B. Field, V. Barros, T. F. Stocker, & Q. Dahe (Eds.), Managing
the risks of extreme events and disasters to advance climate change adap-
tation. Special report of Working Groups | and Il of the Intergovernmental
Panel on Climate Change (IPCC) (pp. 109-230). Cambridge University
Press. https://doi.org/10.1017/CB0O9781139177245.006

Shade, A., Read, J. S., Welkie, D. G., Kratz, T. K., Wu, C. H., &
McMahon, K. D. (2011). Resistance, resilience and recovery:
Aquatic bacterial dynamics after water column disturbance.
Environmental Microbiology, 13(10), 2752-2767. https://doi.
org/10.1111/j.1462-2920.2011.02546.x

Sims, G. K., Ellsworth, T. R., & Mulvaney, R. L. (1995). Microscale de-
termination of inorganic nitrogen in water and soil extracts.
Communications in Soil Science and Plant Analysis, 26(1-2), 303-316.
https://doi.org/10.1080/00103629509369298

Singh, B. K., Bardgett, R. D., Smith, P., & Reay, D. S. (2010). Microorganisms
and climate change: Terrestrial feedbacks and mitigation op-
tions. Nature Reviews Microbiology, 8(11), 779-790. https://doi.
org/10.1038/nrmicro2439

Teske, A., Alm, E., Regan, J. M., Toze, S., Rittmann, B. E., & Stahl, D. A.
(1994). Evolutionary relationships among ammonia- and nitrite-
oxidizing bacteria. Journal of Bacteriology, 176(21), 6623-6630.
https://doi.org/10.1128/jb.176.21.6623-6630.1994

Valencia, E., Gross, N., Quero, J. L., Carmona, C. P., Ochoa, V., Gozalo,
B., Delgado-Baquerizo, M., Dumack, K., Hamonts, K., Singh, B. K.,
Bonkowski, M., & Maestre, F. T. (2018). Cascading effects from
plants to soil microorganisms explain how plant species richness and
simulated climate change affect soil multifunctionality. Global Change
Biology, 24(12), 5642-5654. https://doi.org/10.1111/gcb.14440

Wagg, C., Bender, S. F., Widmer, F., & Van Der Heijden, M. G. A. (2014).
Soil biodiversity and soil community composition determine eco-
system multifunctionality. Proceedings of the National Academy
of Sciences of the United States of America, 111(14), 5266-5270.
https://doi.org/10.1073/pnas.1320054111

Walter, J., Hein, R., Beierkuhnlein, C., Hammerl, V., Jentsch, A., Schiadler,
M., Schuerings, J., & Kreyling, J. (2013). Combined effects of mul-
tifactor climate change and land-use on decomposition in temper-
ate grassland. Soil Biology and Biochemistry, 60, 10-18. https://doi.
org/10.1016/j.s0ilbio.2013.01.018

Waring, B. G., & Hawkes, C. V. (2015). Short-term precipitation exclusion
alters microbial responses to soil moisture in a wet tropical forest.
Microbial Ecology, 69(4), 843-854. https://doi.org/10.1007/s0024
8-014-0436-z

Ye, J., Delgado-Baquerizo, M., Soliveres, S., & Maestre, F. T. (2019).
Multifunctionality debt in global drylands linked to past biome
and climate. Global Change Biology, 25(6), 2152-2161. https://doi.
org/10.1111/gcb.14631

Yergeau, E., & Kowalchuk, G. A. (2008). Responses of Antarctic soil mi-
crobial communities and associated functions to temperature and
freeze-thaw cycle frequency. Environmental Microbiology, 10(9),
2223-2235. https://doi.org/10.1111/j.1462-2920.2008.01644.x

Yuste, J. C., Pefiuelas, J., Estiarte, M., Garcia-mas, J., Mattana, S., Ogaya,
R., Pujol, M., & Sardans, J. (2011). Drought-resistant fungi con-
trol soil organic matter decomposition and its response to tem-
perature. Global Change Biology, 17(3), 1475-1486. https://doi.
org/10.1111/j.1365-2486.2010.02300.x

Zornoza, R., Guerrero, C., Mataix-Solera, J., Arcenegui, V., Garcia-
Orenes, F., & Mataix-Beneyto, J. (2006). Assessing air-drying and
rewetting pre-treatment effect on some soil enzyme activities
under Mediterranean conditions. Soil Biology and Biochemistry,
38(8), 2125-2134. https://doi.org/10.1016/j.s0ilbio.2006.01.010

Zornoza, R., Mataix-Solera, J., Guerrero, C., Arcenegui, V., & Mataix-Beneyto,
J. (2009). Storage effects on biochemical properties of air-dried soil
samples from Southeastern Spain. Arid Land Research and Management,
23(3), 213-222. https://doi.org/10.1080/15324980903038727

SUPPORTING INFORMATION
Additional supporting information may be found in the online

version of the article at the publisher’s website.

How to cite this article: Dacal, M., Garcia-Palacios, P,
Asensio, S., Wang, J.,, Singh, B. K., & Maestre, F. T. (2021).
Climate change legacies contrastingly affect the resistance
and resilience of soil microbial communities and
multifunctionality to extreme drought. Functional Ecology, 00,
1-13. https://doi.org/10.1111/1365-2435.14000



https://doi.org/10.1111/1365-2664.13774
https://doi.org/10.1111/1365-2664.13774
https://doi.org/10.1073/pnas.1204306109
https://doi.org/10.1016/B978-0-12-811687-6.00002-X
https://doi.org/10.1016/B978-0-12-811687-6.00002-X
https://doi.org/10.1080/00275514.1993.12026239
https://doi.org/10.1016/j.soilbio.2018.12.022
http://www.r-project.org/
http://www.r-project.org/
https://doi.org/10.1016/j.soilbio.2010.11.007
https://doi.org/10.1016/j.soilbio.2010.11.007
https://doi.org/10.1111/j.1365-2486.2006.01263.x
https://doi.org/10.1111/gcb.12338
https://doi.org/10.1890/06-0219
https://doi.org/10.1126/science.247.4946.1043
https://doi.org/10.1017/CBO9781139177245.006
https://doi.org/10.1111/j.1462-2920.2011.02546.x
https://doi.org/10.1111/j.1462-2920.2011.02546.x
https://doi.org/10.1080/00103629509369298
https://doi.org/10.1038/nrmicro2439
https://doi.org/10.1038/nrmicro2439
https://doi.org/10.1128/jb.176.21.6623-6630.1994
https://doi.org/10.1111/gcb.14440
https://doi.org/10.1073/pnas.1320054111
https://doi.org/10.1016/j.soilbio.2013.01.018
https://doi.org/10.1016/j.soilbio.2013.01.018
https://doi.org/10.1007/s00248-014-0436-z
https://doi.org/10.1007/s00248-014-0436-z
https://doi.org/10.1111/gcb.14631
https://doi.org/10.1111/gcb.14631
https://doi.org/10.1111/j.1462-2920.2008.01644.x
https://doi.org/10.1111/j.1365-2486.2010.02300.x
https://doi.org/10.1111/j.1365-2486.2010.02300.x
https://doi.org/10.1016/j.soilbio.2006.01.010
https://doi.org/10.1080/15324980903038727
https://doi.org/10.1111/1365-2435.14000

