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ABSTRACT

Climate change predictions indicate that summer stages reduced the post-drought recovery of plant
droughts will become more severe and frequent. communities, suggesting that competition for lim-
Yet, the impact of soil communities on the response ited nutrients between plant community and soil
of plant communities to drought remains unclear. biota may exacerbate the post-drought recovery of
Here, we report the results of a novel field experi- plant communities. Moreover, soil pathogens pre-
ment, in which we manipulated soil communities sent in later-successional soil inocula may have
by adding soil inocula originating from different impeded plant growth after drought. Soil inocula
successional stages of coastal dune ecosystems to a had differential impacts on the drought sensitivity
plant community established from seeds on bare of specific plant functional groups and individual
dune sand. We tested if and how the added soil species. However, the sensitivity of individual spe-
biota from later-successional ecosystems influenced cies and functional groups to drought was
the sensitivity (resistance and recovery) of plant idiosyncratic and did not explain the overall com-
communities to drought. In contrast to our expec- position of the plant community. Based on the field
tations, soil biota from later-successional soil inoc- experimental evidence, our results highlight the
ula did not improve the resistance and recovery of adverse role soil biota can play on plant community
plant communities subjected to drought. Instead, responses to environmental stresses. These out-
inoculation with soil biota from later successional comes indicate that impacts of soil biota on the

stability of plant communities subjected to drought
are highly context-dependent and suggest that in
some cases the soil biota activity can even desta-
bilize plant community biomass responses to
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HIGHLIGHTS

e Soil inocula from late-successional stages did not
improve the stability of a plant community
subjected to drought

e Different soil inocula had differential influences
on the drought sensitivity of plant functional
groups and individual species

e The impacts of the complexity of soil biota on the
stability of plant communities are highly context-
dependent

INTRODUCTION

Climate change is progressing at an unprecedented
pace, causing more frequent and prolonged periods
of summer drought in Europe (Stocker 2014). This
raises concerns about the capacity of ecosystems to
withstand the stress caused by these events. Sum-
mer droughts have already led to significant decli-
nes in plant survival and growth across Europe
(Ciais and others 2005; Schuldt and others 2020).
Recent studies suggest that soil communities can
play a fundamental role in mediating ecosystem
responses to drought, through their impacts on
plant communities (van der Putten and others
2016; Jia and others 2021). Yet, empirical field-
based evidence of the nature and mechanisms of
soil community impacts on the stability of plant
communities under drought stress is scarce.

The effects of soil taxa on the drought response of
plant communities can be positive, neutral, and
negative depending on the structure and compo-
sition of the soil communities involved (Kulmatiski
and others 2008; Van der Putten and others 2013).
For example, the presence of soil mutualists, such
as arbuscular mycorrhizal fungi (AMF), can im-
prove plant fitness and the ability to withstand
drought through enhancing water and nutrient
acquisition (Augé 2001; Mariotte and others 2017;
Wu 2017) and therewith maintain and stabilize
ecosystem functioning subjected to drought (Jia
and others 2021), whereas fungal pathogens may
exacerbate plant vulnerability to drought (Kaiser-
mann and others 2017). Hence, the composition of
the soil community, especially the presence of soil
mutualists and pathogens could play a crucial role
in influencing the response of plant communities to
drought.

The composition of soil communities is dynamic
and changes along succession (Carbajo and others
2011). For example, shifts in the abundance and
composition of soil mutualists, such as mycorrhizal

fungi, occur from non-mycorrhizal to (mostly
arbuscular) mycorrhizal during primary succession
(Read 1994; Dickie and others 2013). Additionally,
predominant life-history strategies of soil commu-
nities have been observed to shift during secondary
succession in abandoned land (Hannula and others
2017). For instance, in ex-arable fields, the com-
position of active fungal communities was reported
to shift from fast-growing and pathogenic fungal
species to slower-growing fungal species (Hannula
and others 2017). In particular, the abundance of
saprotrophytic and mycorrhizal fungi tend to in-
crease after land abandonment (Piotrowski and
Rillig 2008). Given the important role of some soil
microbes, like AM fungi, in mediating plant
drought responses (Kaisermann and others 2017;
Jia and others 2021), shifts in soil community along
with succession are likely to affect plant growth
and fitness under stress. Such shifts in soil com-
munity composition along with succession are
typically not accounted for in studies on plant
community stability and recovery. Instead, most
studies attributed increases in stability to the
dynamics of aboveground plant diversity (Kahmen
and others 2005; Van Ruijven and Berendse 2010).
The potential role of soil communities in this phe-
nomenon thus remains less understood.

Given that above- and belowground communi-
ties are in constant interaction with each other
(Van Der Heijden and others 2008; Wubs and
others 2019), an explicit test of the direct effects of
soil communities on drought responses of plant
communities is a challenging task, which requires
explicit manipulation of distinct soil communities
with the same plant communities. Field experi-
ments demonstrated that soil inoculation from la-
ter-successional stages can change the soil
community composition (Wubs and others 2016,
2018) and promote succession by suppressing
ruderals and promoting the growth of the late-
successional species (Kardol and others 2006; Car-
bajo and others 2011). These successful applica-
tions suggest that soil inoculation could be a
promising way to examine the role of shifts in soil
communities from different successional stages on
drought responses of plant communities.

In this study, we experimentally investigated the
impact of distinct soil communities on the sensi-
tivity of dune plant community to drought. We
manipulated soil communities by adding soil
inocula originating from different successional
stages of the dune ecosystems to a newly estab-
lished dune plant community. We hypothesized
that plant communities growing in soils inoculated
with inocula originating from later-successional
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soils will be more resistant to drought and have a
faster recovery after drought than those inoculated
with earlier successional communities. Half of soil
inocula was sterilized to allow separate testing of
the effects of abiotic conditions on plant drought
sensitivity vs the effects of soil biota per se. We
expected that plants grown in plots with living, i.e.,
non-sterilized soil inocula would show higher sta-
bility than those growing with sterile inocula.

METHODS
Experimental Design

The experiment was conducted in a bare sandy
dune area, surrounded by mixed forest and grass-
land in Meijendel Nature Reserve, Wassenaar, The
Netherlands (52°07°50.4°‘N; 4°20°27.6"’E). This site
was abandoned after being occupied by a private
building, demolished several years before the start
of our experiment. The experimental area was
thoroughly cleaned from vegetation and associated
organic matter, so that only bare sand remained.
We opted to conduct the experiment in bare sandy
dunes with inherent low soil fertility, because a
large stock of soil nutrients would likely support a
large native microbial community (Jiang and oth-
ers 2009; Lozano and others 2014), reducing the
effect of soil inoculation. The area was fenced to
avoid disturbance by large animals. We collected
soil inocula from three types of donor ecosystems
in Meijendel Nature Reserve: primary dune vege-
tation, dune grassland and dune forest. This selec-
tion of donor ecosystem types provided us with soil
communities developed under highly contrasting
conditions, and therefore leading to differences in
composition. We employed the “Independent Soil
Sampling”” (ISS) approach (Gundale and others
2017), to enable replication of inocula origin, i.e.,
for each donor ecosystem type, four distinct donor
sites were selected and applied (Figure S1). To
manipulate soil community composition, we im-
posed following treatments: (1) Plots were inocu-
lated with soil inocula originating from different
successional stages of dune ecosystems. Twenty-
four plots were inoculated with soil inocula origi-
nating from primary dune vegetation, 24 plots
were inoculated with soil inocula originating from
dune grassland and 24 plots were inoculated with
soil inocula originating from dune forest (Table S1).
(2) Half of the experimental plots where soil inoc-
ula was added was treated with sterilized soil
inocula where the resident soil community was
eliminated through gamma radiation (> 25 KGray
gamma radiation, Isotron, Ede, the Netherlands),

and the other half was treated with living soil
inocula.

The initial design of our experiment included one
more treatment: the addition of ectomycorrhizal
fungi (EMF) in a full factorial mode with respect to
the other two treatments. However, in the year
following the establishment of the experiment, a
molecular analysis did not detect any of the added
EMF species (Pisolithus arrhizus; Cenococcum geophi-
lum; Amanita muscaria; Hebeloma crustuliniforme;
Scleroderma sp.) in the experimental plots. Further-
more, we also found that EMF addition treatment
had no impact on aboveground and belowground
plant biomass, neither did it affect the soil microbial
abundances nor community composition. There-
fore, we concluded that the EMF addition treat-
ment failed. Thus, in the current work we opted to
ignore this treatment, and used the EMF-treated
plots as additional replicates of other treatments.
The ultimate replication of our experiment was 12
plots for each combination of soil inocula origin
and sterilization treatment.

To speed up the development of a dune plant
community, 30 plant species typical for the area
were sown in all plots. Twenty-six herbaceous
species and two woody perennial shrubs were ob-
tained from Cruydt Hoeck, a company selling seeds
of wild plants (www.cruydthoeck.nl). Seeds of two
tree species Betula pubescens and Quercus cerris were
purchased at TreeSeeds company (www.treeseeds.c
om). The complete list of sown plants can be found
in Table S2. Each combination of soil inoculum
origin and sterilization treatment was replicated 12
times (Table S1). We included two types of control
plots. In the control plots of the first type no soil
inocula were added, but seeds were added. There
were 24 replicates of these control plots. The con-
trol plots of the other type entailed no inocula and
no seed additions. These plots were used for overall
monitoring purposes and not included into the
current analysis.

The experiment was established in May 2018. All
plots (2 m x 2 m) were surrounded by a plastic
sheet dug into the soil to a depth of 40 cm to
minimize the interaction between added soil biota
and surrounding soil biota. Plots were separated
from each other by a bare area of 2 m. Plots were
prepared according to the following procedure.
First, in each plot, 10 cm of soil was removed.
Then, ectomycorrhizal inoculum was added and
about 8 cm of the soil previously removed from the
same plot was put back into the plot and a seed
mixture of 30 plant species was sown in the plot.
Subsequently, in the plots subjected to a sterile soil
inoculum treatment, 2 cm of sterilized soil was
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spread on the surface of each plot. In non-sterile
plots, a layer of sterile soil (about 1.5 cm per plot)
was added first and an additional layer of live soil
(about 0.5 cm per plot) was spread on top. In
treatments without any soil inoculum (control),
2 cm of the originally removed soil was put back on
the surface.

Drought Event

Generally, the growing season in dune in Nether-
lands starts at April-May and the vegetation
reaches maximum biomass during August (Scha-
minée and others 1996; Rodriguez-Echeverria and
others 2008). In 2020, a severe drought occurred
during April-May. The monthly precipitation from
April to May of 2020 decreased by 67% and 72%
compared to the long-term average (30 years). The
precipitation turned back to normal in June. The
seasonal precipitation pattern during the experi-
mental period is shown in Figure S2.

Data Collection

At the end of the drought (June 10, 2020), the
absolute percentage cover of each species was
estimated visually within each plot (2 x 2 m). The
newly dead plant cover (that is, cover of plants
dead in the current year) was also recorded. On
September 10, 2020, we recorded the plant cover
again as the cover after drought recovery. To cal-
culate the cover of different functional groups, all
plant species found in the plots during the vegeta-
tion surveys were divided into three functional
groups: grasses, forbs and legumes (Table S3).

Soil samples collected on September 10 from all
plots were sieved (2 mm mesh size). A subsample
of soil from each plot was weighted to measure
total C and N by a Flash EA 1112 elemental ana-
lyzer (Thermo Scientific, Rodana, Italy). Mineral N
was extracted by shaking 3 g dry soil in 30 mL
0.01 M CacCl, solution for 2 h at 250 rpm. The
suspensions were centrifuged for 10 min at
300 rpm. NO;~ -N and NH," -N content were
determined in the supernatant using a Skalar
Continuous Flow Analyzer. The multi elements of
soil were determined on the ICP-OES with 130uL
69% HNOs5. The complete results of soil chemistry
can be found in Table S4.

Data Analysis

We quantified the vegetation sensitivity to drought
as resistance and recovery (Mariotte and others
2013). Resistance, which is the ability to withstand

drought influence, was estimated as the proportion
of cover of plants that survived the drought.

Resistance = Living_Cover gnd of drought/ (Liv-
ing_Cover End of drought + Dead_Cover End of drought)'

Recovery is the ability of ecosystem to recover
after disturbance. The recovery was calculated with
two different baselines (Ingrisch and Bahn 2018).
Baseline-normalized recovery (BN-recovery) was
defined as the ratio of cover after recovery to the
living cover at the end of the drought.

BN-recovery = Living_COVer gnd of recovery/ LiV-
ing_Cover End of drought-

Because some plants might be alive even though
the aboveground part was dry at the end of
drought, and this may contribute to the recovery
after drought, we introduced another recovery in-
dex, Impact-normalized recovery (IN-Recovery):
the ratio of cover after recovery to the sum of dead
and living cover at the end of drought.

IN-Recovery = Living_COVEr gng of recovery/ (Liv-
ing_Cover End of drought + Dead_Cover End of dr()ught)~

All indices were calculated for the whole plant
community as well as for individual plant func-
tional groups.

To enable application of a full factorial analysis,
all 24 control plots were a-priori randomly assigned
as controls associated with living or sterile soil
inocula. A two-way ANOVA was run to test the
effects of different types of soil inocula and soil
sterilization treatment on the resistance, BN-re-
covery and IN-recovery of the plant community
and functional groups. A one-way ANOVA was
conducted across the soil inocula types including
the control treatment, followed by a post-hoc test.
The post-hoc test was performed using the Ismeans
package, with the Turkey method for p-value
adjustment (Lenth 2016). The effect size of treat-
ment was estimated using the function ‘“‘eta_s-
quared()”’. Prior to statistical analysis, model
assumptions of normality and homoscedasticity
were checked on the model residuals (Kozak and
Piepho 2018) and variables were transformed
when necessary.

To examine whether the effects of the experi-
mental treatments on the cover of individual spe-
cies were consistent with the response patterns of
plant functional groups during different periods,
we conducted a Principal Response Curve analysis
(PRC) using the “prc”” function of the vegan 2.5-6
package (Oksanen and others 2013). PRC, also
known as Partial Redundancy Analysis, is a multi-
variate technique for the assessment of experi-
mental treatments on community composition
over time (Van Den Brink and Ter Braak 1999)
(Moser and others 2007). The principal compo-



Soil Biota Adversely Affect the Resistance and Recovery of Plant Communities

679

nents of the treatments effects on individual species
are plotted against time (Van Den Brink and Ter
Braak 1999). Differences in plant species composi-
tion between soil treatments at the two sampling
moments were visualized by a principal-coordinate
analysis (PCoA) based on the Bray—Curtis dissimi-
larity using the vegan 2.5-6 package (Figure S3).
All analyses were performed in R version 4.0.2 (R
Core Team 2020).

RESULTS

Impacts of Different Types of Soil Inocula
and Soil Sterilization on the Resistance
and Recovery of Plant Community

Soil inocula origin affected the plant community
resistance to drought (F3g6=3.17, p < 0.05,
n? = 0.10; Table 1) where the resistance of the
plant community generally declined with the
addition of soil inocula compared to non-inocu-
lated control plots (Figure la). There was no effect
of sterilization on resistance (Table 1).

Plant community BN-recovery (the ratio of cover
after recovery to the living cover at the end of the
drought) depended on soil inocula origin
(F386 = 10.44, p < 0.01, n*=0.23) and was
highest in soil with forest inocula. Moreover, BM-
recovery was on average higher in plots with sterile
inocula than in plots with living inocula
(F386 = 5.77, p = 0.02, 0> = 0.04). The difference
between the sterilization treatments, however,
depended on the inoculum origin (Fsgs = 3.97,
p = 0.01, n* = 0.09; Table 1) and was biggest for
forest inocula (Figure 1b).

The IN-recovery of plant community (the ratio of
plant cover after recovery to the sum of dead and
living cover at the end of drought) was significantly
affected by soil inocula origin (Fsg6 = 5.72,
p < 0.01, n? = 0.16; Table 1). Plant communities

Table 1.

grown with forest soil inocula had a higher IN-re-
covery compared to the control (Figure 1c). Con-
sistent with patterns for plant BN-recovery,
community IN-recovery tended to be higher (al-
though not significantly) in plots with sterile soil
inocula than in those with living inocula (Fig-
ure 1c).

Impacts of Different Types of Soil Inocula
and Soil Sterilization on Resistance

and Recovery of Plant Functional Groups
During Drought and Recovery

Soil treatments had different effects on the resis-
tance of plant functional groups during drought,
but the effect was treatment- and functional group-
dependent (Table 2). The resistance of grasses de-
pended on the interaction between soil inocula
origin and sterilization treatment (Fs3g¢ = 4.39,
p < 0.01, n? = 0.12; Table 2). Resistance of grasses
was higher when living inocula from dune forest
were added, whereas sterile soil inocula signifi-
cantly reduced the resistance of grasses (Figure 2a).
Soil inoculation treatments had no significant
influence on the recovery of grasses. Soil inocula-
tion origin significantly influenced the drought
resistance of legume species (F5 g3 = 3.65, p = 0.02,
n? = 0.11; Table 2). Legumes grown in plots with
forest inocula had a lower resistance than with
other inocula (Figure 2b). Similar to grasses, soil
inoculation treatments did not influence the
recovery of legume after drought.

Soil inocula origin and sterilization significantly
influenced the resistance of forbs (F;g¢ = 14.89,
p < 0.0l, M*=0.32; Fyg =536 p < 002
n? = 0.04; Table 2). The resistance of forbs was
generally lower in plots treated with soil inocula
addition compared to control plots, and had the
lowest resistance with forest inocula (Figure 2c¢). In
addition, forbs grown in plots treated with sterile

Effects of Different Types of Soil Inocula Origin (Inoculum, I), Soil Sterilization (Sterilization, S) on

the Resistance, BN-recovery (Baseline-normalized recovery) and IN-recovery (Impact-normalized recovery)

of the Dune Plant Community to Drought

Variance

Inoculum Sterilization IXS

F P n? F P n? F P n?
Resistance 3.49 0.02 0.10 1.93 0.17 0.02 2.08 0.11 0.06
BN-Recovery 10.44 < 0.01 0.23 5.77 0.02 0.04 3.97 0.01 0.09
IN-Recovery 5.72 < 0.01 0.16 2.54 0.11 0.02 1.55 0.21 0.04

F, F-value; P, p-value; n’, the effect size of treatment. Significant effects (p < 0.05) are presented in bold.
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<«Figure 1. Effects of soil inocula origin and sterilization

on plant community resistance (A). Etfects of soil inocula
origin and sterilization on the BN-recovery of plant
community  (Baseline-normalized recovery, = BN-
recovery = Living_COVer gng of recovery / Living_Cover
End of drought) (B). Effects of soil inocula origin and
sterilization on plant community IN-recovery (Impact-
normalized recovery, IN-Recovery = Living_Cover gnq of
recovery/ (Living_Cover End of drought t Dead_Cover End of
drought) (C). Different lowercase letters indicate
significantly different effects of soil inocula types, as
revealed by a one-way ANOVA on soil inocula types,
including control, followed by a post-hoc test (p < 0.05).
*» < 0.05, **p < 0.01. The absence of asterisks denotes
no significant effects. The black bar indicates plots with
living soil inocula, and the grey bar indicate plots with
sterile soil inocula.

inocula had a lower resistance compared to those
grown in plots treated with living inocula (Fig-
ure 2¢). The BN-recovery of forbs was also signifi-
cantly influenced by the different types of soil
inocula origin (Fsg¢ = 4.82, p < 0.01, 0> = 0.13;
Table 2) and sterilization treatment (Fs g = 7.97,
p < 0.01, n? = 0.07; Table 2). The BN-recovery of
forbs was higher when grown with forest soil
inocula (Figure 1d). In addition, we also observed
that forbs had higher BN-recovery when grown
with sterile soil inocula than with living soil inoc-
ula. None of the treatments significantly affected
IN-recovery of forbs (Table 2). Altogether, none of
the soil treatments had any significant influence on
the IN-recovery on any of the plant functional
groups (Table 2).

Impacts of Different Types of Soil Inocula
and Soil Sterilization on the Response
of Individual Species During Drought
and Recovery

The PRC analysis showed that 19.62% of the total
variation in species composition was explained by
the different time periods of analysis (Table 3) and
10.70% could be attributed to the soil treatments.
The first canonical axis of the PRC captured a sig-
nificant part (49.64%) of the variance explained by
the treatments (Monte Carlo permutation test, 999
permutations, p = 0.001). During the different
periods, there was large variation in the responses
of species to the experimental treatments (Fig-
ure 3). For example, the cover of A. vulneraria, H.
pubescens and D. carota showed a positive response
to the soil inoculation treatments. In contrast, there
were negative relationships between species, such
as E. repens, S. inaequidens and P. lanceolata, and the
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Table 2. Effects of Different Types of Soil Inocula Origin (Inoculum, I), Soil Sterilization (Sterilization, S) on
the Resistance and Recovery of Plant Functional Groups to Drought

Variance
Inoculum Sterilization I1XS
Functional Groups F P nz F P nz F P nz
Resistance Grasses 1.90 0.14 0.05 231 0.13 0.02 4.39 < 0.01 0.12
Legumes 3.65 0.02 0.11 1.54 0.22 0.02 2.14 0.10 0.06
Forbs 14.89 < 0.01 032 5.36 002 0.04 1.31 0.28 0.03
BN-Recovery  Grasses 0.26 0.85 0.01 274 0.10 0.03 1.97 0.13  0.06
Legumes 0.21 0.89 0.01 3.33 0.07 0.05 0.72 0.55 0.03
Forbs 4.82 < 0.01 0.13 7.97 < 0.01 0.07 1.12 0.34 0.03
IN-Recovery Grasses 0.17 0.92 0.01 1.10 0.30 0.01 0.68 0.57  0.02
Legumes 0.20 0.89 0.01 1.71 0.20 0.02 1.22 0.31 0.04
Forbs 0.95 042 0.03 2.09 0.15 0.02 0.27 0.85 0.01

F F-value P p-value 1°, the effect size of treatment. BN-recovery (Baseline-normalized recovery), IN-recovery (Impact-normalized recovery). Significant effects (p < 0.05) are

presented in bold.
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Table 3. Statistics of the Principal Response Curve (PRC) Analysis

PRC-Statistics

Monte Carlo permutation test on significance of the % of the total variance
explained by

1st canonical axis of the PRC

% of the variance explained
treatment captured by the 1st
canonical axis of the PRC

Eigenvalue 5.74

F-Ratio 13.26 19.62

p-value 0.001 Time

Treatment
49.64
10.70

The PRC-Statistics show Eigenvalue, F-ratio and p-value of the Monte Carlo permutation test (999 permutations) on significance of the Ist canonical axis of the PRC and the
explanatory content. Furthermore, the part of the total variance explained by time and by treatment and the part of the variance explained by treatment that is captured by the

Ist canonical axis of the PRC is given.
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Figure 3. First component of the PRC, examining the impacts of soil treatments on individual plant species. The colored
lines connect two sample points in the figure. The control treatment (no soil inocula), used as an internal reference. The
species weights shown in the right part of the diagram represent the affinity of each species to the community response
pattern shown in the diagram. For clarity, only species with total cover greater than 100 are shown.

treatments. This result indicates that under the
same experimental treatments, plant species had
different responses to drought due to the shifts in
plant soil interactions. Overall, individual species
exhibited a variety of responses to the soil treat-
ments during different periods which is consistent
with the response patterns found for the plant
functional groups.

DiscussioN

Plant communities of later successional stages ex-
hibit higher levels of stability to environmental
disturbance (Hurd and others 1971; Howard and
others 2020). The contribution of distinct mecha-

nisms to this phenomenon and especially the role
of soil biota community composition therein, so far,
remained poorly understood. In this study, we
experimentally investigated whether soil biota
from later-successional stages of dune ecosystems
influence the stability of sown early-successional
plant communities when they were exposed to
drought. A positive influence would suggest that
additions of soil community could be used in nat-
ure restoration practices to promote establishment
of target ecosystems (Wubs and others 2016)
enhancing their resistance to environmental stres-
ses.

In contrast to our expectations, soil biota from
later successional stages did not improve the total
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plant community responses to drought. We explain
this negative effect by the fact that there were only
few late-successional plant species (Table S3).
Hence, there may be mismatches between soil biota
from the inoculum and presence of associated plant
species.

For plant communities grown in plots with forest
soil inocula, the resistance of the plant community
decreased less in non-sterilized plots (that is, sub-
jected to living soil biota) compared to sterilized
plots. Plant communities grown in plots with ster-
ilized soil inocula, especially with sterile inocula
originating from the dune forest, recovered faster
(both BN-recovery and IN-recovery), suggesting
that soil biota from later-successional soil inocula
may impede plant post-drought recovery in dune
ecosystems. The lowest recovery in plots with living
inocula, particularly with later-successional (dune
forest) inocula, could potentially be explained by
increased densities of soil-borne pathogens (Kardol
and others 2006). Soil pathogens themselves may
have better recovery during drought events than
other microbes, as they can adapt quickly to
drought (Newton and others 2011). Thus, drought-
resistant soil pathogens may have affected the
resistance and recovery of primary-successional
plant communities.

Nutrient competition between plant communi-
ties and soil communities may also exert effects on
the responses of plant communities to drought. Our
results contrast prior studies in which the addition
of soil biota positively affected plant stability under
drought through soil microbial symbionts (Prudent
and others 2020; Yang and others 2021). However,
because our study was conducted in an extremely
nutrient-limited early-successional dune system
(Table S4), competition for limited nutrients be-
tween plant and soil biota after drought may have
outweighed the beneficial effects of mutualistic
microorganisms, as soil biota sequester a large
proportion of nutrients (Schimel and Bennett 2004;
Liu and others 2020). This view is supported by our
finding that plants grown in plots with sterile later-
successional soil inocula had a higher recovery
than those grown with living inocula. The living
soil inocula from dune forest significantly reduced
the recovery of the plant community (Figure 1b, c),
further suggesting that there may be stronger
nutrient competition between plant community
and later-successional soil communities. Addition-
ally, the results of higher resistance and recovery in
plant community grown in plots with sterile forest
soil inocula highlight the crucial role of soil nutri-
ents in mediating plant drought responses (Gessler
and others 2017; Mackie and others 2019).

The sensitivity of individual species and func-
tional groups to drought was idiosyncratic and did
not contribute to the drought responses of the plant
community. For instance, sterile forest inocula
promoted the recovery of plant communities as a
whole and the functional group of forbs while it
had no significant influence on legumes or grasses.
Furthermore, the responses of plant species were
distinct even within the same functional groups,
such as Helictotrichon pubescens (grass) versus Elytri-
gia repens (grass), and Dacus carota (forbs) vs. Plan-
tago lanceolata (forbs) (Figure 3). This suggests that
the response pattern of the plant community as a
whole was not underpinned by the concerted re-
sponses of functional groups. Instead, there might
be compensation among the mixed interactions of
the soil community and the different functional
groups and plant species.

Such compensation pattern may also explain the
difference in the recovery of plant functional
groups (Table 2) versus the plant community (Ta-
ble 1). We found that soil treatments significantly
affected the recovery of plant community while
they had less influence on the recovery of indi-
vidual plant functional groups. This suggests that
after drought all functional groups responded rel-
atively similarly to soil treatments while the mag-
nitude of the individual responses was low (see the
non-significant p-values and low effect sizes in
Table 2) and thus only detectable at the community
level. In addition, the presence of added soil biota
also significantly influenced the BN-recovery of
plant community as a whole, whereas among
functional groups only fobs showed similar re-
sponse patterns. Overall, our findings suggest that
the effects of soil inoculation treatments on plant
community sensitivity to drought and especially so
of additions of soil biota are idiosyncratic across
plant functional groups. Generalizations with re-
spect to positive impacts of the soil community in
mediating stability of plant communities to drought
are premature.

CONCLUSIONS

Using a comprehensive field experiment, we show
that soil biota from later successional stages of
ecosystem do not improve total plant community
resistance and recovery subjected to drought. In-
stead, soil biota from later-successional soil inocula,
like those originating from dune forest soil, may
impede plant community post-drought recovery.
Additionally, we found that soil inocula had dif-
ferential influences on the drought sensitivity of
functional groups and individual species. However,
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the sensitivity of individual species and functional
groups to drought was idiosyncratic and did not
contribute to the overall stability of the plant
community. Together these results suggest that
impacts of the complexity of soil biota on the sta-
bility of plant communities in face of drought are
highly context dependent.

ACKNOWLEDGEMENTS

We are grateful to Dunea Duin and Water company
for the help with establishment of the experiment.
Funding was provided by the Netherlands Organi-
zation for Scientific research (NWO; VIDI Grant No.
016.161.318 issued to NAS; VICI Grant 865.14.006
issued to TMB) and the China Scholarship Council
(Grant No. 201804910632) issued to C.G.

OPEN ACCESS

This article is licensed under a Creative Commons
Attribution 4.0 International License, which per-
mits use, sharing, adaptation, distribution and
reproduction in any medium or format, as long as
you give appropriate credit to the original author(s)
and the source, provide a link to the Creative
Commons licence, and indicate if changes were
made. The images or other third party material in
this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a
credit line to the material. If material is not in-
cluded in the article’s Creative Commons licence
and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will
need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit h
ttp://creativecommons.org/licenses/by/4.0/.

REFERENCES

Augé RM. 2001. Water relations, drought and vesicular-arbus-
cular mycorrhizal symbiosis. Mycorrhiza 11:3-42.

Carbajo V, Den Braber B, Van Der Putten WH, De Deyn GB.
2011. Enhancement of late successional plants on ex-arable
land by soil inoculations. PLoS One 6:€21943.

Ciais P, Reichstein M, Viovy N, Granier A, Ogée J, Allard V,
Aubinet M, Buchmann N, Bernhofer C, Carrara A, Chevallier
F, De Noblet N, Friend AD, Friedlingstein P, Griinwald T,
Heinesch B, Keronen P, Knohl A, Krinner G, Loustau D,
Manca G, Matteucci G, Miglietta F, Ourcival JM, Papale D,
Pilegaard K, Rambal S, Seufert G, Soussana JF, Sanz MJ,
Schulze ED, Vesala T, Valentini R. 2005. Europe-wide
reduction in primary productivity caused by the heat and
drought in 2003. Nature 437:529-33.

Dickie IA, Martinez-Garcia LB, Koele N, Grelet G-A, Tylianakis
JM, Peltzer DA, Richardson SJ. 2013. Mycorrhizas and myc-
orrhizal fungal communities throughout ecosystem develop-
ment. Plant Soil 367:11-39.

Gessler A, Schaub M, McDowell NG. 2017. The role of nutrients
in drought-induced tree mortality and recovery. New Phytol
214:513-20. https://doi.org/10.1111/nph.14340.

Gundale MJ, Wardle DA, Kardol P, Van der Putten WH, Lucas
RW. 2017. Soil handling methods should be selected based on
research questions and goals. New Phytol 216:18-23.

Hannula SE, Morrién E, De Hollander M, Van Der Putten WH,
Van Veen JA, De Boer W. 2017. Shifts in rhizosphere fungal
community during secondary succession following abandon-
ment from agriculture. ISME J 11:2294-304.

Howard MM, Kao-Kniffin J, Kessler A. 2020. Shifts in plant—
microbe interactions over community succession and their
effects on plant resistance to herbivores. New Phytol
226:1144-57.

Hurd LE, Mellinger MV, Wolf LL, McNaughton SJ. 1971. Sta-
bility and diversity at three trophic levels in terrestrial suc-
cessional ecosystems. Science 80 173:1134-6.

Ingrisch J, Bahn M. 2018. Towards a Comparable Quantification
of Resilience. Trends Ecol Evol 33:251-259.

Jia Y, van der Heijden MGA, Wagg C, Feng G, Walder F. 2021.
Symbiotic soil fungi enhance resistance and resilience of an
experimental grassland to drought and nitrogen deposition. J
Ecol 109:3171-81.

Jiang JP, Xiong YC, Jiang HM, Ye DY, Song YJ, Li FM. 2009. Soil
microbial activity during secondary vegetation succession in
semiarid abandoned lands of loess plateau. Pedosphere
19:735-47. https://doi.org/10.1016/S1002-0160(09)60169-7.

Kahmen A, Perner J, Buchmann N. 2005. Diversity-dependent
productivity in semi-natural grasslands following climate
perturbations. Funct Ecol 19:594-601.

Kaisermann A, de Vries FT, Griffiths RI, Bardgett RD. 2017.
Legacy effects of drought on plant-soil feedbacks and plant-
plant interactions. New Phytol 215:1413-24.

Kardol P, Martijn Bezemer T, Van Der Putten WH. 2006. Tem-
poral variation in plant-soil feedback controls succession. Ecol
Lett 9:1080-88.

Kozak M, Piepho HP. 2018. What’s normal anyway? Residual
plots are more telling than significance tests when checking
ANOVA assumptions. J Agron Crop Sci 204:86-98.

Kulmatiski A, Beard KH, Stevens JR, Cobbold SM. 2008. Plant-
soil feedbacks: a meta-analytical review. Ecol Lett 11:980-92.

Liu M, Adl S, Cui X, Tian Y, Xu X, Kuzyakov Y. 2020. In situ
methods of plant-microbial interactions for nitrogen in rhi-
zosphere. Rhizosphere 13:100186. https://doi.org/10.1016/j.r
hisph.2020.100186.

Lozano YM, Hortal S, Armas C, Pugnaire FI. 2014. Interactions
among soil, plants, and microorganisms drive secondary suc-
cession in a dry environment. Soil Biol Biochem 78:298-306.
https://doi.org/10.1016/j.s0ilbio.2014.08.007.

Mackie KA, Zeiter M, Bloor JMG, Stampfli A. 2019. Plant
functional groups mediate drought resistance and recovery in
a multisite grassland experiment. J Ecol 107:937-49.

Mariotte P, Vandenberghe C, Kardol P, Hagedorn F, Buttler A.
2013. Subordinate plant species enhance community resis-
tance against drought in semi-natural grasslands. J Ecol
101:763-73.

Mariotte P, Canarini A, Dijkstra FA. 2017. Stoichiometric N: P
flexibility and mycorrhizal symbiosis favour plant resistance
against drought. J Ecol 105:958-67.

Moser T, Rombke J, Schallnass HJ, Van Gestel CAM. 2007. The
use of the multivariate Principal Response Curve (PRC) for
community level analysis: A case study on the effects of car-


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/nph.14340
https://doi.org/10.1016/S1002-0160(09)60169-7
https://doi.org/10.1016/j.rhisph.2020.100186
https://doi.org/10.1016/j.rhisph.2020.100186
https://doi.org/10.1016/j.soilbio.2014.08.007

Soil Biota Adversely Affect the Resistance and Recovery of Plant Communities 685

bendazim on enchytraeids in Terrestrial Model Ecosystems
(TME). Ecotoxicology 16:573-83.

Newton AC, Johnson SN, Gregory PJ. 2011. Implications of
climate change for diseases, crop yields and food security.
Euphytica 179:3-18.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR,
O’Hara RB. 2013. Package vegan. R Packag ver 2:1-295

Piotrowski JS, Rillig MC. 2008. Succession of arbuscular myc-
orrhizal fungi: patterns, causes, and considerations for organic
agriculture. Adv Agron 97:111-30.

Prudent M, Dequiedt S, Sorin C, Girodet S, Nowak V, Duc G,
Salon C, Maron PA. 2020. The diversity of soil microbial
communities matters when legumes face drought. Plant Cell
Environ 43:1023-35.

R Core Team. 2020. R: A Language and Environment for Sta-
tistical Computing. R Foundation for Statistical Computing,
Vienna, Austria. https://www.R-project.org/.

Read DJ. 1994. Plant-Microbe Mutualisms and Community
Structure. In: Biodiversity and Ecosystem Function.

Rodriguez-Echeverria S, Hol WHG, Freitas H, Eason WR, Cook
R. 2008. Arbuscular mycorrhizal fungi of Ammophila arenaria
(L.) Link: Spore abundance and root colonisation in six loca-
tions of the European coast. Eur J Soil Biol 44:30-36.

Schaminée JHJ, Stortelder AHF, Weeda EJ. 1996. De vegetatie
van Nederland: deel 3: plantengemeenschappen van graslan-
den, zomen en droge heiden.

Schimel JP, Bennett J. 2004. Nitrogen mineralization: Chal-
lenges of a changing paradigm. Ecology 85:591-602.

Schuldt B, Buras A, Arend M, Vitasse Y, Beierkuhnlein C, Damm
A, Gharun M, Grams TEE, Hauck M, Hajek P, Hartmann H,
Hiltbrunner E, Hoch G, Holloway-Phillips M, Koérner C, Lar-
ysch E, Liibbe T, Nelson DB, Rammig A, Rigling A, Rose L,
Ruehr NK, Schumann K, Weiser F, Werner C, Wohlgemuth T,
Zang CS, Kahmen A. 2020. A first assessment of the impact of
the extreme 2018 summer drought on Central European
forests. Basic Appl Ecol 45:86-103.

Stocker T. 2014. IPCC Summary for Policymakers in Climate
Change 2013: The Physical Science Basis. Cambridge
University Press.

Van Den Brink PJ, Ter Braak CJF. 1999. Principal response
curves: analysis of time-dependent multivariate responses of
biological community to stress. Environ Toxicol Chem
18:138-48.

Van Der Heijden MGA, Bardgett RD, Van Straalen NM. 2008.
The unseen majority: soil microbes as drivers of plant diversity
and productivity in terrestrial ecosystems. Ecol Lett 11:296—
310. https://doi.org/10.1111/j.1461-0248.2007.01139.x

Van der Putten WH, Bardgett RD, Bever JD, Bezemer TM,
Casper BB, Fukami T, Kardol P, Klironomos JN, Kulmatiski A,
Schweitzer JA. 2013. Plant-soil feedbacks: the past, the pre-
sent and future challenges. J Ecol 101:265-76.

van der Putten WH, Bradford MA, Pernilla Brinkman E, van de
Voorde TFJ, Veen GF. 2016. Where, when and how plant-soil
feedback matters in a changing world. Funct Ecol 30:1109-21.

Van Ruijven J, Berendse F. 2010. Diversity enhances commu-
nity recovery, but not resistance, after drought. J Ecol 98:81—
86.

Wu QS. 2017. Arbuscular Mycorrhizas and Stress Tolerance of
Plants. Springer.

Wubs ERJ, Melchers PD, Bezemer TM. 2018. Potential for syn-
ergy in soil inoculation for nature restoration by mixing
inocula from different successional stages. Plant Soil 433:147-
56.

Wubs ERJ, van der Putten WH, Mortimer SR, Korthals GW,
Duyts H, Wagenaar R, Bezemer TM. 2019. Single introduc-
tions of soil biota and plants generate long-term legacies in soil
and plant community assembly. Ecol Lett 22:1145-51.

Wubs ERJ, van der Putten WH, Bosch M, Bezemer TM. 2016.
Soil inoculation steers restoration of terrestrial ecosystems.
Nat Plants 2:1-5.

Yang G, Roy J, Veresoglou SD, Rillig MC. 2021. Soil biodiversity
enhances the persistence of legumes under climate change.
New Phytol 229:45-56.


https://doi.org/https://www.R-project.org/
https://doi.org/10.1111/j.1461-0248.2007.01139.x

	Soil Biota Adversely Affect the Resistance and Recovery of Plant Communities Subjected to Drought
	Abstract
	Highlights
	Introduction
	Methods
	Experimental Design
	Drought Event
	Data Collection
	Data Analysis

	Results
	Impacts of Different Types of Soil Inocula and Soil Sterilization on the Resistance and Recovery of Plant Community
	Impacts of Different Types of Soil Inocula and Soil Sterilization on Resistance and Recovery of Plant Functional Groups During Drought and Recovery
	Impacts of Different Types of Soil Inocula and Soil Sterilization on the Response of Individual Species During Drought and Recovery

	Discussion
	Conclusions
	Acknowledgements
	References




