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Drought alters plant‐soil feedback effects on biomass
allocation but not on plant performance
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Abstract
Aims Drought events can alter the composition of plant
and soil communities, and are becoming increasingly
common and severe due to climate change. However,
how droughts affect plant-soil feedbacks is still poorly
understood. Plants accumulate species-specific rhizo-
sphere communities, and droughts may have varying
impacts across plant species and soil biota. We therefore
tested the hypothesis that drought alters plant-soil feed-
backs differently among closely related plant species
that differ in their preferences for soil moisture.
Methods In a two-phase greenhouse experiment, we
first conditioned grassland soil with seven Geranium
species and, as controls, we conditioned soil with a grass
species or left soil unplanted. In the second phase, we
grew the Geranium species in conspecific, grass-
conditioned and unplanted soil, maintained soil mois-
ture at 5 %, 10% or 20% (w/w), and determined bio-
mass responses after 35 days.
Results Independent of conditioning, plants showed a
weaker performance with decreasing soil moisture. Un-
der the driest conditions, soil conditioning by conspe-
cifics most negatively affected relative root weight in

comparison to plants growing in unplanted control soil,
while the effects of conspecific conditioning on relative
root weights were species-specific when compared to
plants grown in grass-conditioned control soil.
Conclusions We conclude that decreased soil moisture
modified plant-soil feedback effects on biomass alloca-
tion, and that these modifications acted in species-
specific ways. However, drought effects on plant-soil
feedbacks were subtle, and did not affect overall plant
performance. Therefore, plant-soil feedback effects on
plant performance during a drought event may be lim-
ited in comparison with the direct effects of drought.

Keywords Plant‐soil feedbacks . Drought . Biomass
allocation .Geranium

Introduction

Climate change increases the frequency of drought
events worldwide (Shukla et al. 2019), leading to de-
creasing primary productivity of terrestrial plant com-
munities and alterations of plant community composi-
tion (Ciais et al. 2005; Kardol et al. 2010; Wu et al.
2011). Through reductions of microbial biomass and
belowground diversity, drought events also modify
communities of soil organisms (Maestre et al. 2015;
Pugnaire et al. 2019; Sheik et al. 2011). As soil com-
munities play a crucial role for plant health (Bardgett
and van der Putten 2014; Berendsen et al. 2012), it is
important to understand whether and how drought
events alter the interactions between plants and their
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co-associated soil biota, especially those that directly
affect plant performance (De Long et al. 2019a;
Pugnaire et al. 2019).

Through variation in structural and chemical root
traits (Cortois et al. 2016; van Dam and Bouwmeester
2016; Wilschut et al. 2019), plants accumulate species-
specific rhizosphere communities of soil organisms,
including mutualists, such as mycorrhizal fungi and
plant growth-promoting bacteria, and antagonists, such
as microbial pathogens and root-feeding nematodes
(Berendsen et al. 2012; Bezemer et al. 2010). Together,
these organisms affect the performance of their host and
neighbouring plants, but also subsequent generations of
plant individuals via a mechanism known as plant-soil
feedback (van der Putten et al. 2013). Plant-soil feed-
back effects can range from negative to positive, and
soil biota can contribute to the natural succession of
plant communities, grassland vegetation dynamics and
plant rarity through this mechanism (De Deyn et al.
2003; Kardol et al. 2006; Klironomos 2002; van der
Putten et al. 1993).

Droughts can modify plant-soil feedbacks both dur-
ing the process of soil community conditioning as well
as during the feedback response phase. Firstly, through
changes in soil moisture, as well as through changes in
root exudation patterns in response to altered water
availability, droughts can directly and indirectly alter
soil community composition, with possible effects on
subsequent plant performance (‘drought legacy effects’;
de Vries et al. 2012; Kaisermann et al. 2017; Williams
and de Vries 2020). These drought legacy effects will
especially be strong when drought alters the relative
abundances of plant-mutualistic and plant-antagonistic
organisms. For example, droughts can increase the rel-
ative abundance of mycorrhizal fungi (de Vries et al.
2018), or decrease the suppression of soil pathogens
(Meisner and de Boer 2018) or root-feeding nematodes
(Franco et al. 2019). Secondly, plant-soil feedbacks will
also change when drought directly alters the impacts of
soil organisms on plants during the feedback phase. For
example, plant species that successfully associate with
mycorrhizal fungi may especially benefit from this as-
sociation under dry conditions, as mycorrhiza can alle-
viate drought stress (Augé 2001; Li et al. 2019). Like-
wise, drought may either increase or decrease plant
susceptibility against pathogen and root-feeding nema-
tode attack (Atkinson and Urwin 2012). In this way,
drought may also alter the direct impacts of species-
specific soil communities on plant performance, thereby

altering plant-soil feedback variation among plants.
However, such drought-mediated plant-soil feedback
effects that arise during the feedback phase have rarely
been examined (Fry et al. 2018; Meijer et al. 2011).

In this study, we explored how different soil-
moisture treatments affect feedback effects of soil com-
munities conditioned by conspecific plant species on
plant performance of seven species of Geranium. In an
earlier study, these species developed species-specific
soil communities that differently affected subsequent
conspecific plant performance (Wilschut et al. 2019).
Moreover, in nature these species vary in their preferred
abiotic conditions, and differ in their Ellenberg indicator
values for soil moisture (Hill et al. 1999). This makes
them a suitable group of plant species to test whether
soil-mediated effects of drought on plant performance
can differ among plant species, while also examining
direct effects of soil moisture on plant performance. We
tested the hypothesis that among this set of species with
different Ellenberg indicator values for soil moisture,
soil moisture and soil communities conditioned by con-
specifics interactively affect plant performance in a plant
species-specific manner. To test our hypothesis, we set
up a greenhouse experiment to determine plant perfor-
mance and biomass allocation of these species under
three different soil-moisture regimes in soil conditioned
by conspecifics, unconditioned soil and soil conditioned
by a widespread grass species.

Methods

Our greenhouse experiment consisted of two phases. In
the first phase, we conditioned soils with each of the
sevenGeranium species (conspecific conditioning). We
also established two soil treatments that served as con-
trol for soil conditioned by conspecific plants: unplanted
control soil, and soil conditioned by the grass species
Bromus hordeaceus (grass conditioning), a native and
widespread species across Europe. This grass-
conditioned control treatment was added to create a soil
with a distinct heterospecific, plant-associated soil mi-
crobial community, which due to the presence of a plant
likely more closely resembled the Geranium-condi-
tioned soil in terms of soil nutrient content.

In the second phase of the experiment, we examined
drought effects on Geranium plant-soil feedbacks, by
comparing the growth of the seven species ofGeranium
in conspecific, unplanted control and grass-conditioned
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soils under 5 %, 10 % and 20 % gravimetric soil-
moisture content (Fig. 1).

Plant species and germination procedure

All seven Geranium species are native to Europe.
Most of the species are annual grassland herbs,
which, based on Ellenberg values, grow under
moderately wet to moderately dry conditions
(Table 1). Seeds of all species originated from
natural populations in the Netherlands and Germa-
ny (Table 1). For G. purpureum, seeds were col-
lected from plants grown in a greenhouse at
NIOO-KNAW (The Netherlands), which were the
second generation offspring of plants from a natu-
ral population in The Netherlands. Seeds of all
other species were directly collected from the
field. Bromus hordeaceus seeds were obtained
from Rieger-Hofmann GmbH (Blaufelden-
Raboldshausen, Germany). For all species, we ger-
minated seeds on moistened standard, unsterilized
potting soil in a climatized greenhouse (20/14°C;
16 h light/8 h dark).

Conditioning phase

In the same climatized greenhouse compartment,
we established 105 2 L pots, each containing
1200 g of a sand and vermiculite mixture (1:1 ratio,
based on volume) thoroughly mixed with 300 g of
sieved field soil (mesh size 10 mm). This field soil
was collected in a species-rich grassland area near
the university of Konstanz (Hockgraben, Konstanz;
WGS 84: 47.688 N, 9.192 E). We planted 35 pots
(7 species × 5 replicates) with two conspecific
Geranium seedlings in each pot (conspecific condi-
tioning), 35 pots with two Bromus hordeaceus
seedlings in each pot (the grass conditioning con-
trol), and left the remaining 35 pots empty (the
unplanted conditioning control). We arranged the
pots according to a randomized block design with
five replicate blocks. Throughout the conditioning
phase, planted pots were watered equally, while
unplanted pots were watered less often to compen-
sate for plant transpiration. Each pot received
500 ml of nutrient solution (1 g/L Universol®
Blue; ICL Deutschland, Nordhorn, Germany) in
total, which was divided over five watering

Fig. 1 Schematic overview of the experimental set-up. In the
conditioning phase, three soil types were created by planting soils
with two conspecificGeranium plants (Conspecific), leaving them
unplanted (Unplanted control) or planting them with two Bromus
hordeaceus seedlings (Grass control). This was performed for
seven different Geranium species (Table 1), and all treatments
were replicated five times. In the feedback phase, each

experimental replicate soil from the first phase was split into three
new experimental units. All three conditioned soil types were
planted with conspecific Geranium individuals. Soil in each unit
was then maintained at either 20 %, 10 % or 5 % (w/w) soil
moisture for most of the remaining time of the experiment (see
Methods section)
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occasions. After eight weeks of conditioning, soil
from each individual pot was carefully separated
from the roots using a 4-mm sieve, and then stored
in a cold room (10°C) until the start of the feed-
back phase.

Feedback phase with soil‐moisture treatment

Three weeks after the end of the conditioning phase, we
first determined soil moisture of all individual pots by
drying a ~ 15 g soil sample at 105°C for 24 hours. The
remaining soil of each pot from phase one was then
divided over three 0.5 L pots, with each pot containing
300 g dry weight soil. All pots were watered to 20%
(w/w) soil moisture content. Thereafter, a single Gera-
nium seedling was transplanted into each pot containing
unplanted control soil or soil conditioned by a conspe-
cific or the grass Bromus hordeaceus (Fig. 1). This
resulted in 315 pots (7 species × 3 soil conditioning
treatments × 3 moisture regimes × 5 replicates). How-
ever, due to poor germination of G. rotundifolium and
G. pyrenaicum, we did not grow these species in grass-
conditioned soils, and reduced replication for the other
treatments to 4 replicates (resulting in a final number of
273 pots). For each seedling, we determined leaf num-
ber and the length and width of the biggest leaf on the
day of planting. Soil moisture was kept at 20% (w/w)
for the first 8 days of the feedback phase. During that
period, each pot received 50 mL of nutrient solution
(1 g/L Universol ® Blue; ICL Deutschland, Nordhorn,
Germany). After that, we started the application of three
watering treatments: soils were either kept at 20% soil
moisture, or watering was reduced to decrease soil

moisture until 10% or 5% (w/w). Plants that were in
very poor condition at the start of the soil-moisture
treatment were removed from further analysis (N = 3).
Soil-moisture treatments were maintained by weighing
and watering the pots every second day for the first 10
days of the drought treatment, after which we increased
this procedure to 5–6 times per week for the rest of the
experiment. To prevent plant mortality, pots that re-
ceived the 5% soil-moisture treatment were recovered
to 10 % (w/w) soil moisture for two 3-day periods,
starting on the 7th and 16th day after the start of the
drought treatment, respectively. To avoid potential pot
limitation, plants were harvested five weeks after plant-
ing. Aboveground parts of the plants were clipped, dried
at 70°C and weighed. Roots were carefully separated
from the soil, washed, dried at 70°C and weighed.

Analyses

All statistical analyses were performed in R version
3.6.1 (R Core Development Team 2012). We analysed
and visualized plant-soil feedback responses in two
separate ways. Firstly, we calculated two plant-soil
feedback values: (1) PSFunplanted = Ln(response in con-
specific soil/response in unplanted control soil), calcu-
lated for all seven species, and (2) PSFgrass =
Ln(response in conspecific soil/response in grass-
conditioned control soil), calculated for the five species
for which biomass was determined in grass-conditioned
soil. Secondly, we compared plant biomass responses to
the three conditioned soil types. For this, we created two
datasets, one containing the biomass data in conspecific
and unplanted control soil for all seven species, and one

Table 1 Seed origin of Geranium species used in the present study, and species Ellenberg values for soil moisture (EL_M; based on Hill
et al. 1999)

Species Location Latitude Longitude EL_M

Geranium dissectum Wageningen, NL 51.959453 5.65838 5

Geranium molle Wageningen, NL 51.959453 5.65838 5

Geranium purpureum Leiden, NL* 52.144410 4.49941 3

Geranium pusillum Wageningen, NL 51.960901 5.65553 4

Geranium pyrenaicum Konstanz, DE 47.667 9.1994 4

Geranium robertianum Jena, DE 50.930605 11.58564 6

Geranium rotundifolium Wageningen, NL 51.965554 5.67321 4

*For the current study seeds were collected from plants grown in a greenhouse at NIOO-KNAW (Wageningen, Netherlands), which were
germinated from seeds collected from the indicated location.

Ellenberg values of the study species range from 3–6 on a scale of 1–9, where the lower values indicate drierconditions
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containing data of the five plant species that we had
grown in all three conditioned soil types. For the two
sets of biomass data and the two sets of calculated plant-
soil feedback values, we performed separate analyses
for total biomass, shoot biomass, root biomass and
relative root weight (root biomass/total biomass).

Prior to the analyses of biomass responses, we log10-
transformed the biomass and relative root weight data to
improve normality and homoscedasticity of the resid-
uals. To control for initial differences in plant biomass in
the feedback phase, we estimated the initial plant size by
multiplying leaf number with the length × width of the
largest leaf. For all analyses, we used mixed linear
models (lmer-function in lme4; Bates et al. 2015). We
modelled biomass responses with the ‘block’ term as
random effect, ‘initial plant size’ as covariate and the
‘species’, ‘conditioning’ and ‘soil moisture’ terms and
all their possible interactions as fixed effects. For each
species, we also analysed models with ‘initial plant size’
as covariate and ‘conditioning’ and ‘soil moisture’ as
fixed effects, to evaluate the strength of these effects on
the biomass of the individual species. Plant-soil feed-
back values PSFunplanted and PSFgrass were modelled
with ‘block’ as random effect and ‘species’ and ‘mois-
ture’ and the ‘species*moisture’ interaction term as
fixed effects. For all models, p-values were calculated
using the Anova-function (car-package; Fox et al.
2012). Post-hoc analyses were performed using least
square means comparisons with Tukey-adjustments for
multiple comparisons (lsmeans in the ‘Emmeans’ pack-
age; Lenth et al. 2018). Finally, to check whether vari-
ation in plant-soil feedback effects may be explained by
differences in plant nutrient uptake in the conditioning
phase, we tested, for each species separately, the corre-
lation between Geranium or Bromus biomass at the end
of the first phase and Geranium biomass at the end of
the second phase.

Results

Plant‐soil feedback measures

Values of PSFunplanted calculated in terms of total, shoot
and root biomass were generally negative, but did not
differ among soil-moisture-treatment levels, nor among
species (Fig. S1). The PSFunplanted effect on relative root
weight, however, was significantly lower under the 5%
soil-moisture treatment than under the 10 % soil-

moisture treatment (Χ2 = 8.9, df = 2, p < 0.05; Fig. 2a).
This indicated that, under the driest conditions, plants
had a lower relative root weight when grown in soil
conditioned by conspecifics compared to plants grown
in unplanted soil.

For total, shoot and root biomass, values of PSFgrass
(i.e. growth responses in conspecific soil relative to
growth responses in grass-conditioned control soil)
were variable but did not significantly differ among
species or soil-moisture-treatment levels (Fig. S1).
PSFgrass values of relative root weight were interactively
affected by plant species and soil moisture (Χ2 = 20.1,
df = 8, p < 0.01). That is, in the 5% soil-moisture treat-
ment, plant species showed significant variation in
PSFgrass values, while such variation was absent under
higher soil-moisture levels (Fig. 4b). Geranium molle
and G. robertianum showed positive PSFgrass values,
indicating greater relative root weights in conspecific
than in grass-conditioned control soils. In contrast,
G. purpureum showed a clearly negative PSFgrass value
(Fig. 2b).

Plant biomass

Total grass or Geranium biomass in the conditioning
phase was not correlated to Geranium biomass in the
feedback phase for any of the Geranium species
(Table S1). Across species and soil conditioning treat-
ments, aboveground, belowground and total biomass in
the feedback phase decreased with decreasing soil mois-
ture (Table 2; Fig. 3). This soil-moisture effect on plant
biomass was found in the analyses of the dataset con-
taining unplanted control- and conspecific soil treat-
ments of 7 Geranium species as well as in the analyses
of the dataset containing all three soil conditioning
treatments of 5 Geranium species (Table 2; Figs. 3 and
4). Average biomass production of all seven species was
greater in unplanted control soil than in conspecific soil
(Table 2; Fig. 3). Average total and shoot biomass of the
five plant species that were grown in all three condi-
tioned soil types was higher in unplanted control soil
than in both conspecific and grass-conditioned control
soil (Table 2; Fig. 4). Root biomass of these species was
significantly greater in unplanted control soil than in
conspecific soil, while biomass in grass-conditioned
control soil was intermediate and did not differ from
biomass in unplanted control or conspecific soil
(Table 2; Fig. 4). Average biomass production in
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conspecific soil did not significantly differ from biomass
production in grass-conditioned control soil. Among the
seven different Geranium species grown in conspecific
and unconditioned soil, and among the 5 species grown
in all three soil conditioned soil types, there was signif-
icant variation in total, shoot and root biomass produc-
tion (Table 2; Fig. 3), which was independent from soil-
moisture and soil-conditioning effects. Separate analy-
ses of soil moisture and conditioning effects on the total
biomass of individual species showed that the effect of
soil moisture was always significant, and stronger than
the effect of soil conditioning, which was not always
significant (Table S2).

Average relative root weight of all seven species in
unplanted control and conspecific soil was interactively
affected by soil moisture and soil conditioning
(Table 2). In unplanted control soil, relative root weight
tended to be greatest with 20% soil moisture, while in
conspecific soil relative root weight tended to be
greatest with 10% soil moisture (Fig. 3). However, in
both soil conditioning treatments, relative root weight
did not statistically differ between the 10% and 20%
soil moisture treatments, and was lowest when plants
were subjected to the 5 % soil moisture treatment

(Fig. 3). Across the conspecific and unplanted control
treatments, the seven plant species significantly differed
in average relative root weight (Table 2), and this vari-
ation tended to depend on soil moisture (Table 2). Com-
parable plant-species effects on relative root weight
were found in the analysis for the five species on all
three conditioned soil types (Fig. S2). In this analysis,
however, there wasmarginally significant support for an
interactive effect between species, soil moisture and soil
conditioning (Table 2, Fig. S2). In line with the analysis
results of all 7 species across unplanted control and
conspecific soil, relative root weight of the 5 species
across all three soil types was lowest in pots with 5%
soil moisture, and equally high in pots with 10% and
20% soil moisture (Table 2; Fig. 4).

Discussion

Our results show that soil moisture can alter plant-soil
feedback effects on plant-biomass allocation, and there-
by add to the evidence that soil moisture alters plant-soil
feedback outcomes (Fry et al. 2018; Kaisermann et al.
2017). However, in line with a previous study on South-
American tree seedlings (Meijer et al. 2011), we did not

Fig. 2 Plant-soil feedback effects on relative root weight (RRW)
of Geranium species under three soil moisture levels, calculated
using the RRW of plants grown in conspecific soil compared to
(A) unplanted soil or (B) grass-conditioned soil. PSFunplanted and
PSFgrass for each species was calculated as Ln(RRW of plant
grown in conspecific soil/RRW of plant grown in unplanted soil)
and Ln(RRW of plant grown in conspecific soil/RRW of plant

grown in grass-conditioned soil), respectively (see Methods
section). Soil-moisture levels (w/w) are colour-coded. Capital
letters represent significant differences between soil-moisture
levels based on post-hoc analysis, and small letters indicate sig-
nificant differences between plant species. Bars represent means ±
standard errors
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find soil-moisture effects on plant-soil feedbacks in
terms of plant biomass. Further, in line with another
previous study (Fry et al. 2018), we showed that the
direct effects of soil moisture on plant biomass, as well
as on plant biomass allocation, were considerably stron-
ger than soil moisture-modulated plant-soil feedback
effects. While plants can benefit from soil microbes
when exposed to drought stress (de Vries et al. 2020;
Kannenberg and Phillips 2017; Valliere and Allen
2016), the Geranium species in our experiment did not
benefit more from the microbial community conditioned
by conspecifics than from the microbial community in
unconditioned or grass-conditioned control soils. Possi-
bly, beneficial effects of soil communities on plant
performance under drought stress may be more evident
in in nutrient-poor systems (Valliere and Allen 2016),
and may therefore possibly have been limited in the soil
collected for our experiment.

In our study, soil-moisture effects on plant-soil feed-
backs could only be detected when plant-soil feedback
effects on relative root weight were calculated as re-
sponse ratios between conspecific and unconditioned

(PSFunplanted) or grass-conditioned soils (PSFgrass). Ge-
ranium species experienced the most negative
PSFunplanted effects on relative root weight under the
driest conditions (5% soil moisture). This suggests that
under these conditions the plants were most susceptible
to, or more strongly impacted by, antagonistic soil biota
accumulated by conspecifics, such as root herbivores or
pathogens (Atkinson and Urwin 2012; Franco et al.
2019), resulting in a slight decrease of their relative root
weight (Franco et al. 2020). While correlations between
Geranium biomass in the first phase and the second
phase indicated that abiotic feedback effects were likely
limited in this study, it is impossible to fully rule out that
differences in nutrient content between unplanted con-
trol and conspecific soils may have had the most nega-
tive impacts on relative root weight under the lowest
soil-moisture content. We speculate that the negative
plant-soil feedback effects on relative root weight under
dry conditions may have consequences for plant perfor-
mance in the longer term. The plants appear to have a
maladaptive relative root weight response to drought,
and this effect was further strengthened by the own soil

Table 2 Effects of fixed factors ‘plant species’, ‘soil conditioning’ and ‘soil moisture’, and all possible interactions, on total biomass, shoot
biomass, root biomass and relative root weight

Conspecific and unconditioned control soils (7 species)

Total Biomass Shoot Biomass Root Biomass Relative Root Weight

Χ2 df p Χ2 df p Χ2 df p Χ2 df p

Species (S) 61.3 6 <0.001 85.0 6 <0.001 34.1 6 <0.001 161.6 6 <0.001

Conditioning (C) 10.7 1 <0.01 11.5 1 <0.001 8.0 1 <0.01 0.8 1 0.37

Moisture (M) 427.8 2 <0.001 361.1 2 <0.001 529.3 2 <0.001 231.5 2 <0.001

S*C 4.6 6 0.59 4.7 6 0.58 7.3 6 0.29 5.1 6 0.53

S*M 11.8 12 0.46 11.3 12 0.51 15.4 12 0.22 20.7 12 0.05

C*M 1.5 2 0.47 1.6 2 0.44 3.0 2 0.22 8.0 2 <0.05

S*C*M 6.4 12 0.89 5.7 12 0.93 13.8 12 0.32 15.1 12 0.23

Conspecific, grass-conditioned and unconditioned control soils (5 species)

Total Biomass Shoot Biomass Root Biomass Relative Root Weight

Χ2 df p Χ2 df p Χ2 df p Χ2 df p

Species (S) 98.2 4 <0.001 138.5 4 <0.001 9.6 4 <0.05 113.6 4 <0.001

Conditioning (C) 14.5 2 <0.001 16.1 2 <0.001 7.7 2 <0.05 1.2 2 0.54

Moisture (M) 538.1 2 <0.001 471.9 2 <0.001 594.4 2 <0.001 269.1 2 <0.001

S*C 5.2 8 0.74 5.4 8 0.71 8.5 8 0.38 14.1 8 0.08

S*M 13.6 8 0.09 12.7 8 0.12 13.1 8 0.11 11.0 8 0.20

C*M 2.1 4 0.71 2.3 4 0.68 2.5 4 0.64 7.1 4 0.13

S*C*M 8.7 16 0.93 7.1 16 0.97 20.0 16 0.22 25.4 16 0.06

The upper part of the table shows the results for the models that included data from conspecific and control soils for all 7 species, while the
lower part shows the results for models that included data from conspecific, grass-conditioned and control soils for 5 plant species (See
Methods section). Significant results (p < 0.05) are shown in bold, and marginally significant results (0.05 ≤ p < 0.1) are shown in italics
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Fig. 3 Plant biomass responses of seven different Geranium
species (Table 1) to soil conditioning (unplanted control vs. con-
specific) and three soil-moisture levels (5, 10, 20% w/w). The left
four panels show average total, shoot and root biomass and relative
root weight (root biomass/total biomass) of all seven species in
response to unplanted control (U) and conspecific soil (C). The
right four panels show the same soil-conditioning and soil-
moisture effects, but averaged over plant species. Soil-moisture

levels are colour-coded. Small letters indicate significant differ-
ences between species based on post-hoc analysis. Capital letters
indicate significant differences in biomass response between soil
moisture levels, asterisks (*) indicate significant differences be-
tween soil conditioning treatments, and arrows visualize a signif-
icant conditioning*moisture interaction. Bars represent averages
± standard errors
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community. In contrast to PSFunplanted values, PSFgrass
values were species-specific and either positive or neg-
ative, but only under the driest conditions. This suggests
that grass-conditioned soil communities functionally
differed from unconditioned soil communities, and that
under the driest conditions Geranium plants responded
in species-specific ways to grass conditioning.

In contrast to a previous study with the same plant
species (Wilschut et al. 2019), and regardless of soil
moisture, plant-soil feedbacks on biomass did not differ
among the Geranium species. Overall Geranium bio-
mass production in soil conditioned by conspecifics was
lower than in unplanted control soil, but typically sim-
ilar to that of conspecific plants grown in grass-
conditioned control soil. Soil conditioning by plants
therefore had a general effect on plant biomass, possibly

via a decrease in nutrients, and species-specific accumu-
lation of soil antagonists during the soil-conditioning
phase appeared to be limited. While the length of our
conditioning phase should have been long enough to
yield significant plant-soil feedback effects (Lepinay
et al. 2018; Speek et al. 2015), a shorter soil condition-
ing phase than in the previous study (8 instead of 12
weeks), or the use of a soil inoculum that possibly
contained fewer pathogens or root herbivores may ex-
plain the lack of clear species-specific feedback effects
on biomass responses other than relative root weight.

Drought has well-known effects on biomass alloca-
tion, as both annual and perennial plants typically in-
crease their relative root weight in order to maximize
water uptake (Eziz et al. 2017; Poorter et al. 2012).
However, in our study relative root weight was lowest

Fig. 4 Plant biomass responses to unplanted control, grass control
and conspecific soil under three soil-moisture treatments (5, 10
and 20 % w/w), averaged over five Geranium species (see
Methods section). Separate panels show total biomass (g), shoot
biomass (g), root biomass (g) and relative root weight (root

biomass/total biomass). Soil-moisture levels are colour-coded.
Capital letters represent significant differences between soil-
conditioning-treatment levels based on post-hoc analysis, and
small letters indicate significant differences between moisture
treatments. Bars represent averages ± standard errors
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under the driest conditions, indicating that the examined
species invested less in root biomass, rather than more,
in response to severe drought. Possibly, the examined
Geranium species lack the capability to show this plastic
response to severe drought, but this remains unknown.
Alternatively, the use of relatively shallow pots of lim-
ited size (0.5 L) did not allow plants to show a root
foraging response to drought (Turner 2019). Based on
the variation in Ellenberg ecological indicator values for
soil moisture (Hill et al. 1999), we expected that direct
drought effects on plant performance would also be
species-specific. However, biomass responses to soil
moisture were surprisingly homogeneous across spe-
cies, as all species showed a weaker performance in
response to decreasing soil moisture. We therefore did
not test for potential relationships between Ellenberg
values and plant-soil feedback effects. A likely expla-
nation for the lack of species-specific responses is that
Ellenberg soil-moisture values may best reflect soil
moisture in the driest time of the year (Schaffers and
Sýkora 2000), and therefore may not correctly represent
soil moisture in the actual growing period of the exam-
ined species. Instead of Ellenberg values, plant traits,
such as water use efficiency, could be used to select
species for future plant-soil feedback studies in which
the interactive effects of plant identity and soil moisture
on plant performance are examined. As plant commu-
nities in temperate regions contain an increasing propor-
tion of thermophilic plant species (e.g. Tamis et al.
2005), it is important to expand our knowledge on
how drought may directly, and through changes in soil
communities, affect individual plant performance and
plant-plant interactions (Kaisermann et al. 2017), in
order to understand future plant community dynamics.
Ideally, such plant-soil feedback studies that incorporate
abiotic impacts should also be performed in the field, as
under field conditions the importance of plant-soil feed-
backs on plant performance and community composi-
tion may be most reliably determined (De Long et al.
2019b; Heinen et al. 2020; Heinze et al. 2020).

We conclude that decreases in soil moisture modified
soil feedback effects on plants, but that these effects
were subtle and limited to plant biomass allocation.
Direct effects of soil moisture on plant performance
were considerably stronger than soil feedback-
mediated effects. Therefore, the indirect effects of
drought, via altered impacts of their associated soil
biota, may be of limited importance for the natural
performance of the plant species in this study. However,

in our study, we only examined the effects of drought on
feedback responses, whereas drought-mediated shifts in
soil communities during the conditioning phase may
have stronger effects on plant-soil feedbacks
(Kaisermann et al. 2017; Lau and Lennon 2012). To
better understand plant-community responses to
drought events, future studies should use plant species
from various ecological spectra to assess the relative
importance of direct and plant-soil feedback-mediated
effects of drought on plant performance.
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