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Abstract 

Climate change predictions indicate that summer droughts will become more severe and 

frequent. Yet, the impact of soil communities on the response of plant communities to 

drought remains unclear. Here, we report the results of a novel field experiment, in which 

we manipulated soil communities by adding soil inocula originating from different 

successional stages of coastal dune ecosystems to a plant community established from seeds 

on bare dune sand. We tested if and how the added soil biota from later-successional 

ecosystems influenced the sensitivity (resistance and recovery) of plant communities to 

drought. In contrast to our expectations, soil biota from later-successional soil inocula did 

not improve the resistance and recovery of plant communities subjected to drought. Instead, 

inoculation with soil biota from later successional stages reduced the post-drought recovery 

of plant communities, suggesting that competition for limited nutrients between plant 

community and soil biota may exacerbate the post-drought recovery of plant communities. 

Moreover, soil pathogens present in later-successional soil inocula may have impeded plant 

growth after drought. Soil inocula had differential impacts on the drought sensitivity of 

specific plant functional groups and individual species. However, the sensitivity of individual 

species and functional groups to drought was idiosyncratic and did not explain the overall 

composition of the plant community. Based on the field experimental evidence, our results 

highlight the adverse role soil biota can play on plant community responses to environmental 

stresses. These outcomes 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 destabilize plant community biomass responses to 

drought.  

Highlights 

⚫ Soil inocula from late-successional stages did not improve the stability of a plant 

community subjected to drought 

⚫ Different soil inocula had differential influences on the drought sensitivity of plant 

functional groups and individual species  

⚫ The impacts of the complexity of soil biota on the stability of plant communities are 

highly context-dependent 
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3.1  Introduction 

Climate change is progressing at an unprecedented pace, causing more frequent and 

prolonged periods of summer drought in Europe (IPCC, 2013). This raises concerns about 

the capacity of ecosystems to withstand the stress caused by these events. Summer droughts 

have already led to significant declines in plant survival and growth across Europe (Ciais et 

al. 2005; Schuldt et al. 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 et al. 2016a; Jia et al. 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 composition of the soil communities 

involved (Kulmatiski et al. 2008; van der Putten et al. 2013). For example, the presence of 

soil mutualists, such as arbuscular mycorrhizal fungi (AMF), can improve plant fitness and 

the ability to withstand drought through enhancing water and nutrient acquisition (Augé 

2001; Mariotte et al. 2017; Wu 2017) and therewith maintain and stabilize ecosystem 

functioning subjected to drought (Jia et al. 2021), whereas fungal pathogens may exacerbate 

plant vulnerability to drought (Kaisermann et al. 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 

et al. 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 et al. 2013). Additionally, predominant life-history 

strategies of soil communities have been observed to shift during secondary succession in 

abandoned land (Hannula et al. 2017). For instance, in ex-arable fields, the composition of 

active fungal communities was reported to shift from fast-growing and pathogenic fungal 

species to slower-growing fungal species (Hannula et al. 2017). In particular, the abundance 

of saprotrophytic and mycorrhizal fungi tend to increase after land abandonment (Piotrowski 

& Rillig 2008). Given the important role of some soil microbes, like AM fungi, in mediating 

plant drought responses (Kaisermann et al. 2017; Jia et al. 2021), shifts in soil community 

along with succession are likely to affect plant growth and fitness under stress. Such shifts 

in soil community 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 et al. 2005; Van Ruijven 

& Berendse 2010). The potential role of soil communities in this phenomenon thus remains 

less understood.  
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Given that above- and belowground communities are in constant interaction with each 

other (Van der Heijden et al. 2008; Wubs et al. 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 experiments demonstrated that soil inoculation from later-successional stages can 

change the soil community composition (Wubs et al. 2016, 2018) and promote succession 

by suppressing ruderals and promoting the growth of the late-successional species (Kardol 

et al. 2006; Carbajo et al. 2011). These successful applications 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 sensitivity 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 established dune plant community. We hypothesized that plant communities 

growing in soils inoculated with inocula originating from later-successional 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 stability than those growing with sterile inocula. 

3.2  Materials and methods 

⚫ Experimental design 

The experiment was conducted in a bare sandy dune area, surrounded by mixed forest and 

grassland 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 others 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 

vegetation, dune grassland and dune forest. This selection 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 et al. 2017), to enable replication of inocula origin, i.e. for each donor 

ecosystem type, four distinct donor sites were selected and applied (Figure S3-1). To 
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manipulate soil community composition, we imposed following treatments: (1) Plots were 

inoculated with soil inocula originating from different successional stages of dune 

ecosystems. 24 plots were inoculated with soil inocula originating 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 S3-1). (2) Half 

of the experimental plots where soil inocula 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 geophilum; 

Amanita muscaria; Hebeloma crustuliniforme; Scleroderma sp.) in the experimental plots. 

Furthermore, 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. Therefore, we concluded that the EMF addition treatment 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. 26 herbaceous species and two woody perennial shrubs were 

obtained 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.com). The complete list of sown plants can be found in Table S3-

2. Each combination of soil inoculum origin and sterilization treatment was replicated 12 

times (Table S3-1). 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 control 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 (2m × 2m) 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 
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inoculum treatment, 2 cm of sterilized soil was 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 Netherlands starts at April-May and the vegetation 

reaches maximum biomass during August (Schaminée et al. 1996; Rodríguez-Echeverría et 

al. 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 experimental period is shown in Figure S3-2. 

⚫ 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2 m). The newly dead plant cover (i.e. 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. In order to calculate the cover of different 

functional groups, all plant species found in the plots during the vegetation surveys were 

divided into three functional groups: grasses, forbs and legumes (Table S3-3).  

  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 analyzer (Thermo Scientific, Rodana, Italy). Mineral N was extracted by shaking 

3 g dry soil in 30mL 0.01M CaCl2 solution for two hours at 250 rpm. The suspensions were 

centrifuged for 10 min at 300 rpm. NO3
- -N and NH4

+ -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 130µL 69% HNO3. The complete results of soil chemistry 

can be found in Table S3-4. 

⚫ Data analysis 

We quantified the vegetation sensitivity to drought as resistance and recovery (Mariotte et al. 

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 End of drought/ (Living_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 & Bahn 2018). Baseline-normalized 



Chapter 3 | Soil biota and plant drought sensitivity 

43 

 

3 

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 End of recovery/ Living_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 index, 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 End of recovery/ (Living_Cover End of drought + Dead_Cover End of 

drought).  

  All indices were calculated for the whole plant community as well as for individual plant 

functional 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-recovery 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 

lsmeans package, with the Turkey method for p-value adjustment (Lenth, 2016). The effect 

size of treatment was estimated using the function “eta_squared()”. Prior to statistical 

analysis, model assumptions of normality and homoscedasticity were checked on the model 

residuals (Kozak & Piepho 2018) and variables were transformed when necessary. 

  To examine whether the effects of the experimental treatments on the cover of individual 

species 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 et al. 2013). PRC, also known as Partial Redundancy 

Analysis, is a multivariate technique for the assessment of experimental treatments on 

community composition over time (Van Den Brink & Ter Braak 1999)(Moser et al. 2007). 

The principal components of the treatments effects on individual species are plotted against 

time (Van Den Brink and Ter Braak 1998). Differences in plant species composition between 

soil treatments at the two sampling moments were visualized by a principal-coordinate 

analysis (PCoA) based on the Bray-Curtis dissimilarity using the vegan 2.5-6 package 

(Figure S3-3). All analyses were performed in R version 4.0.2 (R Core Team 2020).  
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3.3  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 (F3,86=3.17, p<0.05, 

η2 =0.10; Table 3.1) where the resistance of the plant community generally declined with the 

addition of soil inocula compared to non-inoculated control plots (Figure 3.1a). There was 

no effect of sterilization on resistance (Table 3.1).  

  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 (F3,86=10.44, p<0.01, η2 =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 (F3,86=5.77, p=0.02, η2 =0.04). The 

difference between the sterilization treatments, however, depended on the inoculum origin 

(F3,86=3.97, p=0.01, η2 =0.09; Table 3.1) and was biggest for forest inocula (Figure 3.1b).  

  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 

(F3,86=5.72, p<0.01, η2 =0.16; Table 3.1). Plant communities grown with forest soil inocula 

had a higher IN-recovery compared to the control (Figure 3.1c). Consistent with patterns for 

plant BN-recovery, community IN-recovery tended to be higher (although not significantly) 

in plots with sterile soil inocula than in those with living inocula (Figure 3.1c).  
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Table 3.1  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 (F, F-value; P, p-value; η2, the effect size of treatment). Significant effects (p<0.05) are presented 

in bold. 

  Variance                 

 Inoculum  Sterilization  I×S 

  F P η2   F P η2   F P η2 

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 

 
 

Table 3.2  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 (F, F-value; P, p-value; η2, the effect size of treatment). BN-

recovery (Baseline-normalized recovery), IN-recovery (Impact-normalized recovery). Significant effects (p<0.05) are 

presented in bold. 

    Variance                 

  Inoculum  Sterilization  I×S 

 Functional Groups F P η2  F P η2  F P η2 

Resistance 

Grasses 1.90 0.14 0.05   2.31 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 0.32  5.36 0.02 0.04  1.31 0.28 0.03 

BN- 

Recovery 

Grasses 0.26 0.85 0.01  2.74 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 0.42 0.03   2.09 0.15 0.02   0.27 0.85 0.01 
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Table 3.3  Statistics of the Principal Response Curve (PRC) analysis. The PRC-Statistics show Eigenvalue, F-ratio and 

p-value of the Monte Carlo permutation test (999 permutations) on significance of the 1st 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 1st canonical axis of the PRC is given. 

PRC Statistics        

Monte Carlo permutation test on significance of the 1st  

canonical axis of the PRC 

% of the total variance  

explained by 
% of the variance explained  

treatment captured by the 1st 

canonical axis of the PRC 

Time Treatment 

Eigenvalue 5.74 p-value 0.001 19.62 10.70 49.64 

F-Ratio 13.26        
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Figure 3.2 Interactive effects of soil inocula origin and sterilization on the resistance of grasses (a), legumes (b) and forbs 

(c), and BN-recovery (Baseline-normalized recovery) of forbs (d). Different lowercase letters indicate significantly 

different effects of soil inocula types, as revealed by an one-way ANOVA on soil inocula types, including control, followed 

by a post-hoc test (p<0.05). *p<0.05, **p<0.01. The absence of asterisks denote no significant effects. The black bar 

indicate plots with living soil inocula, and the grey bar indicate plots with sterile soil inocula. 

⚫ 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 resistance of plant functional groups during 

drought, but the effect was treatment- and functional group-dependent (Table 3.2). The 

resistance of grasses depended on the interaction between soil inocula origin and sterilization 

treatment (F3,86=4.39, p<0.01, η2 =0.12 ; Table 3.2). Resistance of grasses was higher when 

living inocula from dune forest were added, whereas sterile soil inocula significantly reduced 

the resistance of grasses (Figure 3.2a). Soil inoculation treatments had no significant 

influence on the recovery of grasses. Soil inoculation origin significantly influenced the 

drought resistance of legume species (F3,83=3.65, p=0.02, η2 =0.11; Table 3.2). Legumes 

grown in plots with forest inocula had a lower resistance than with other inocula (Figure 

3.2b). Similar to grasses, soil inoculation treatments did not influence the recovery of legume 

after drought. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Control Dune Grassland Forest

P
ro

p
o
rt

io
n
al

 c
h
an

g
e 

o
f 

g
ra

ss
es

 c
o
v
er

 

d
u

ri
n
g
 d

ro
u
g

h
t

Living inocula Sterile inocula

I × S: **

Resistance of grasses
(a)

0

0.1

0.2

0.3

0.4

0.5

0.6

Control Dune Grassland Forest

P
ro

p
o

rt
io

n
al

 c
h

an
g

e 
o

f 
le

g
u

m
es

 

co
v

er
 d

u
ri

n
g

 d
ro

u
g

h
t

Living inocula Sterile inocula

Inoculum: *

b

ab

ab

a

Resistance of legumes
(b)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Control Dune Grassland Forest

P
ro

p
o

rt
io

n
al

 c
h

an
g

e 
o

f 
fo

rb
s 

co
v

er
 

d
u

ri
n

g
 d

ro
u

g
h

t

Living inocula Sterile inocula

Inoculum: **

Sterilization: *

b

a
aa

Resistance of forbs
(c)

0

1

2

3

4

5

6

Control Dune Grassland Forest

P
ro

p
o
rt

io
n
al

 c
h
an

g
 o

f 
fo

rb
s 

co
v
er

 

af
te

r 
d

ro
u

g
h
t

Living inocula Sterile inocula

Inoculum: **

Sterilization: **

a

ab

ab

b

BN-recovery of forbs
(d)



Chapter 3 | Soil biota and plant drought sensitivity 

49 

 

3 

Soil inocula origin and sterilization significantly influenced the resistance of forbs 

(F3,86=14.89, p<0.01, η2 =0.32; F3,86=5.36, p<0.02, η2 =0.04; Table 3.2). 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 3.2c). In addition, forbs grown 

in plots treated with sterile inocula had a lower resistance compared to those grown in plots 

treated with living inocula (Figure 3.2c). The BN-recovery of forbs was also significantly 

influenced by the different types of soil inocula origin (F3,86=4.82, p<0.01, η2 =0.13; Table 

3.2) and sterilization treatment (F3,86=7.97, p<0.01, η2 =0.07; Table 3.2). The BN-recovery 

of forbs was higher when grown with forest soil inocula (Figure 3.1d). In addition, we also 

observed that forbs had higher BN-recovery when grown with sterile soil inocula than with 

living soil inocula. None of the treatments significantly affected IN-recovery of forbs (Table 

3.2). Altogether, none of the soil treatments had any significant influence on the IN-recovery 

on any of the plant functional groups (Table 3.2). 

⚫ 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 3.3). 10.70% could be attributed to 

the soil treatments. The first canonical axis of the PRC captured a significant 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 (Figure 3.3). 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 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 treatments 

during different periods which is consistent with the response patterns found for the plant 

functional groups. 
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Figure 3.3 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. 

3.4  Discussion 

Plant communities of later successional stages exhibit higher levels of stability to 

environmental disturbance (Hurd et al. 1971; Howard et al. 2020). The contribution of 

distinct mechanisms 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 nature restoration practices to promote establishment of target ecosystems (Wubs et al. 

2016) enhancing their resistance to environmental stresses.   

  In contrast to our expectations, soil biota from later successional stages did not improve 

the total plant community responses to drought. We explain this negative effect by the fact 

that there were only few late-successional plant species (Table S3-3). 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 (i.e. subjected to living soil biota) compared 

to sterilized plots. Plant communities grown in plots with sterilized 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 
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inocula, particularly with later-successional (dune forest) inocula, could potentially be 

explained by increased densities of soil-borne pathogens (Kardol et al. 2006). Soil pathogens 

themselves may have better recovery during drought events than other microbes, as they can 

adapt quickly to drought (Newton et al. 2011). Thus, drought-resistant soil pathogens may 

have affected the resistance and recovery of primary-successional plant communities.  

Nutrient competition between plant communities 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 et al. 2020; Yang et al. 2021). However, because our study 

was conducted in an extremely nutrient-limited early-successional dune system (Table S3-

4), competition for limited nutrients between 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 & Bennett 2004; Liu et al. 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 3.1b, 3.1c), 

further suggesting that there may be stronger nutrient competition between plant community 

and later-successional soil communities. Additionally, the results of higher resistance and 

recovery in plant community grown in plots with sterile forest soil inocula highlight the 

crucial role of soil nutrients in mediating plant drought responses (Gessler et al. 2017; 

Mackie et al. 2019).   

The sensitivity of individual species and functional 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) vs. Elytrigia repens (grass), and Dacus carota (forbs) vs. 

Plantago lanceolata (forbs) (Figure 3.3). This suggests that the response pattern of the plant 

community as a whole was not underpinned by the concerted responses 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 3.2) vs. the plant community (Table 3.1). We found that soil 

treatments significantly affected the recovery of plant community while they had less 

influence on the recovery of individual plant functional groups. This suggests that after 

drought all functional groups responded relatively similarly to soil treatments while the 

magnitude of the individual responses was low (see the non-significant p-values and low 

effect sizes in Table 3.2) and thus only detectable at the community level. In addition, the 
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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 response 

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 respect to positive impacts of the soil 

community in mediating stability of plant communities to drought are premature. 

3.5  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. Instead, 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 differential influences on the drought sensitivity of functional groups 

and individual species. However, 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 

stability of plant communities in face of drought are highly context-dependent.  
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3.8 Supporting information 

Table S3-1  Experimental design.  

Types of soil inocula Soil sterilization No of plots 

Dune 

Living 12 replicates 

Sterile 12 replicates 

Grassland 

Living 12 replicates 

Sterile 12 replicates 

Forest 

Living 12 replicates 

Sterile 12 replicates 

Control No soil inocula 22 replicates 
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Table S3-2  List of the 30 plant species which were initially sown in plots. 

Species name 

Aira praecox 

Anthyllis vulneraria 

Calamagrostis epigejos 

Clinopodium acinos 

Daucus carota 

Erodium cicutarium 

Galium mollugo 

Galium verum 

Gentiana cruciata 

Helictotrichon pubescens 

Hieracium pilosella 

Hypericum perforatum 

Jasione montana 

Koeleria macrantha 

Lithospermum officinale 

Lotus corniculatus 

Pimpinella saxifraga 

Plantago lanceolata 

Rhinanthus angustifolius 

Rumex acetosella 

Silene conica 

Silene dioica 

Silene nutans 

Thymus pulegioides 

Veronica officinalis 

Viola canina 

Species name 

Viola curtisii 

Helianthemum nummularium  

Betula pubescens  

Quercus cerris  
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Table S3-3  Classification of present plant species into functional groups. Arbuscular mycorrhizal (AM), 

ectomycorrhizal (EM), nonmycorrhizal (NM), nonmycorrhizal but AM habit may exist (NM-AM).   

Plant species Functional groups Successional stage* Life strategy Mycorrhizal type** 

Agrostis capillaris Grass Mid Perennial AM 

Agrostis gigantea Grass Mid Perennial AM 

Amaranthus retroflexus Forb Early Annual  AM 

Anthyllis vulneraria Legume Late Perennial AM 

Arabis hirsuta Forb Early Biennial AM 

Calamagrostis epigejos Grass Mid Perennial AM 

Cardamine hirsuta Forb Early Annual AM 

Carex hirta Grass Early Perennial AM 

Chenopodium album Forb Early Annual AM 

Clinopodium acinos Forb Early Annual AM 

Conyza canadensis Forb Early Annual AM 

Corispermum intermedium Forb Early Annual AM 

Crepis capillaris Forb Early Annual AM 

Cynoglossum officinale Forb Early Biennial AM 

Daucus carota Forb Early Biennial AM 

Digitaria ischaemum Grass Early Annual AM 

Echium vulgare Forb Early Biennial AM 

Elytrigia repens Grass Early Biennial AM 

Equisetum arvense Forb Early Perennial AM 

Erodium cicutarium Forb Early Annual AM 

Festuca filiformis Grass Late Perennial AM 

Galium mollugo Forb Late Perennial NM-AM 

Galium verum Forb Late Perennial NM-AM 

Geranium pusillum Forb Early Annual AM 

Helianthemum nummularium Forb Mid Perennial EM 

Helictotrichon pubescens Grass Early Perennial AM 

Hieracium pilosella Forb Late Perennial AM 

Holcus lanatus Grass Mid Perennial AM 

Hypochaeris radicata Forb Mid Perennial AM 

Jasione montana Forb Early Biennial NM-AM 

Koeleria macrantha Grass Early Perennial AM 

Leonthdon hispidus Forb Early Perennial AM 

Lithospermum officinale Forb Early Perennial NM-AM 

Lotus corniculatus Legume Mid Perennial AM 

Oenothera spec.  Forb Early Biennial AM 

Ononis repens Legume Early Perennial AM 

Papaver dubium Forb Early Annual AM 

Phragmites australis Grass Early Perennial AM 

Picris hieracioides Forb Mid Biennial AM 

Plantago lanceolata Forb Mid Perennial AM 

Rubus caesius Forb Mid Perennial AM 

Rumex acetosella Forb Early Perennial NM-AM 

Rumex crispus Forb Early Perennial AM 

Sedum acre Forb Early Perennial AM 

Senecio inaequidens Forb Early Perennial AM 

Senecio jacobeae Forb Early Biennial AM 
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Silene conica Forb Early Annual NM-AM 

Silene dioica Forb Early Annual NM-AM 

Stellaria media  Forb Early Annual NM-AM 

Thymus pulegioides Forb Late Perennial AM 

Tragopogon dubius Forb Early Annual AM 

Trifolium arvense Legume Early Annual AM 

Trifolium dubium Legume Mid Annual AM 

Verbascum nigrum Forb Early Biennial AM 

Viola canina Forb Early Perennial AM 

 
* Base on refs (Schaminée et al. 1996)(De Deyn et al. 2003)(Kardol et al. 2006)(Van de Voorde et al. 2011)(Wubs et al. 

2016)  

** Based on ref (Soudzilovskaia et al. 2020) 
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Table S3-4  Mean (± SE) for soil abiotic conditions for plots exposed to different soil inocula origins (primary dunes, 

dune grasslands, and dune forests) and soil sterilization treatments. 

  Dune   Grassland   Forest   Control 

 Living Sterile  Living Sterile  Living Sterile  No inocula 

Fe (mg/kg) 0.09 ± 0.004 0.10 ±0.010   0.11 ± 0.006 0.11 ± 0.008   0.15 ± 0.014 0.12 ± 0.007   0.09 ± 0.007 

P (mg/kg) 0.68 ± 0.044 0.71 ± 0.056  0.81 ± 0.044 0.82 ± 0.042  0.92 ± 0.048 0.78 ± 0.093  0.64 ± 0.045 

Zn (mg/kg) 0.07 ± 0.008 0.08 ± 0.011  0.11 ± 0.010 0.13 ± 0.015  0.11 ± 0.012 0.10 ± 0.009  0.07 ±0.007 

S (mg/kg) 1.58 ± 0.070 1.74 ± 0.113  1.93 ± 0.110 1.95 ± 0.091  2.10 ± 0.090 1.94 ± 0.099  1.47 ± 0.074 

K (mg/kg) 12.20 ± 0.750 12.60 ± 0.723  12.10 ± 0.718 12.50 ± 0.568  12.60 ± 0.748 12.90 ± 0.739  12.4 ± 0.713 

Mg (mg/kg) 9.09 ± 0.624 8.59 ± 0.379  12.90 ± 0.840 12.90 ± 0.826  17.00 ± 0.907 16.20 ± 1.140  6.04 ± 0.150 

Nitrogen (NO2
-

+NO3
-) 

(mg/kg) 

3.24 ± 0.290 3.09 ± 0.240  3.85 ± 0.356 3.40 ± 0.391  3.50 ± 0.294 3.42 ± 0.253  3.12 ± 0.190 

Nitrogen (NH4
+) 

(mg/kg) 
5.89 ± 0.453 5.94 ± 0.389  6.00 ± 0.284 5.77 ± 0.226  6.62 ± 0.246 6.31 ± 0.369  5.14 ± 0.303 

%N 0.03 ± 0.003 0.03 ± 0.003  0.05 ± 0.009 0.04 ± 0.005  0.05 ± 0.006 0.05 ± 0.006  0.03 ± 0.002 

% C 0.54 ± 0.050 0.58 ± 0.038   0.81 ± 0.139 0.68 ± 0.082   0.85 ± 0.100 0.85 ± 0.076   0.55 ± 0.054 
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Figure S3-1 The positions of donor soil sites in Meijendel Nature Reserve. The location of the experimental site is 

indicated as the red point.  

  

600 m
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Figure S3-2 Monthly precipitation in April-September, 2020. Data of the weather station in Katwijk aan den Rijn, the 

Netherlands (8.4 kilometer from the experimental site). The long-term average monthly precipitation for April-September 

(over the last 30 years) is shown as a dotted line. 
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