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ECOLOGY

Drought soil legacy alters drivers of plant
diversity-productivity relationships in oldfield systems

Nianxun Xi't#, Dongxia Chen't, Michael Bahn?, Hangyu Wu', Chengjin Chu'%,

Marc W. Cadotte?, Juliette M. G. Bloor*

Ecosystem functions are threatened by both recurrent droughts and declines in biodiversity at a global scale, but
the drought dependency of diversity-productivity relationships remains poorly understood. Here, we use a
two-phase mesocosm experiment with simulated drought and model oldfield communities (360 experimental
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mesocosms/plant communities) to examine drought-induced changes in soil microbial communities along a
plant species richness gradient and to assess interactions between past drought (soil legacies) and subsequent
drought on plant diversity-productivity relationships. We show that (i) drought decreases bacterial and fungal
richness and modifies relationships between plant species richness and microbial groups; (ii) drought soil legacy
increases net biodiversity effects, but responses of net biodiversity effects to plant species richness are unaffected;
and (iii) linkages between plant species richness and complementarity/selection effects vary depending on past
and subsequent drought. These results provide mechanistic insight into biodiversity-productivity relationships in
a changing environment, with implications for the stability of ecosystem function under climate change.

INTRODUCTION

Plant diversity and climate change are key drivers of primary pro-
ductivity and nutrient cycling (1-3). Interactions between plant diver-
sity loss and the droughts associated with climate change have faced
increasing attention in recent years, and widespread evidence suggests
that declines in ecosystem productivity due to diversity loss may be
exacerbated by drought events (4-6). Improved understanding of the
mechanisms underlying the linkages between diversity-productivity
relationships and drought stress is critical for climate mitigation
efforts and the implementation of effective nature-based climate
solutions (5, 7).

Over the last 20 years, a large body of literature has emphasized
the role of plant resource strategies and plant-plant interactions for
plant diversity-productivity relationships (8-10). However, recent
work suggests that plant-soil interactions may be equally important
for plant community dynamics and biodiversity effects (BEs)
(11-14). Plants can influence soil microbial community composition
and generate soil legacies through the production of biochemically
diverse litter and root exudates (15-17). In return, soil microbes, and
fungi in particular, have the potential to modulate plant diversity-
productivity relationships by enhancing complementarity effects
(CEs; i.e., generating higher relative performance of species in mix-
tures compared with that expected based on monocultures), because
of the dilution of pathogenic effects and the accumulation of diverse
soil mutualists in multispecies mixtures (12, 13, 18-23). Soil microbes
may also influence plant diversity-productivity relationships via
selection effects (SEs), when particular microbial groups reduce the
performance of their host plant species in mixtures, thus enhancing
the competitive advantage of other plant species (20, 24, 25).
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Environmental conditions affect soil microorganisms (26, 27),
and it is therefore likely that mediation of plant diversity-productivity
relationships by soil microbes may depend on local abiotic condi-
tions. Many studies have documented shifts in both fungal and
bacterial community composition in response to decreases in water
availability and subsequent rewetting events (28-32). At the same
time, drought-induced changes in plant physiology and/or plant
community structure may contribute to drought soil legacies via
indirect drought effects on the microbial community (33-35). Such
drought soil legacies may affect longer-term plant community
structure and function through plant-soil feedbacks (36-38), but the
magnitude and persistence of drought legacies in soil microbes are
currently subject to debate (39). To date, information on the influence
of drought soil legacies on plant diversity-productivity relationships
is lacking, and responses of plant diversity-productivity relationships
to subsequent drought events are unclear.

Here, we conducted a two-phase experiment to investigate whether
and how chronic reductions in rainfall (press droughts) modify soil
legacies and plant diversity-productivity relationships under subse-
quent drought, with a particular focus on the role of fungal mutualists
[arbuscular mycorrhizal fungi (AMF)] and pathogens. In phase I,
120 model plant communities with five species richness levels were
grown in homogeneous soils under either ambient or drought con-
ditions to generate “conditioned” soil samples. In phase II, newly
established plant communities were provided with soil inoculums
with or without previous drought exposure and subjected to either
drought or ambient watering conditions (Fig. 1). Specifically, we
hypothesized that (i) drought and plant species richness coinfluence
soil microbial communities, (ii) drought soil legacy influences BEs
on plant productivity, and (iii) subsequent drought alters effects of
drought soil legacy on diversity-productivity relationships.

RESULTS

Interactive effects of drought and plant species richness

on soil microbial communities in phase |

Analysis of soil samples across the biodiversity experiment yielded
on average 594 fungal operational taxonomic units (OTUs) and
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Fig. 1. Schematic depiction of the experimental design. The study combined a soil legacy experiment and a plant diversity-productivity relationship experiment. In
phase |, plant communities with a range of species-richness levels were grown in homogeneous soils under drought or ambient conditions to generate soil microbial
legacies. In phase lI, the effects of soil microbial legacies were tested on newly established plant communities grown under drought or ambient conditions, using soil

inoculums conditioned by the same plant communities.

4683 bacterial OTUs per mesocosm (fig. S1). Overall, 105 classes
of bacteria and 45 classes of fungi were identified (supplementary
data S1); soil fungal communities were strongly dominated by
Sordariomycetes, which accounted for 51% of the sequences,
whereas bacterial communities were dominated by Acidobacteriia,
Alphaproteobacteria, Gammaproteobacteria, Verrucomicrobiae,
and Deltaproteobacteria, which jointly represented 54% of the
sequences. Fungal community structure was significantly influenced
by both the level of soil moisture content (F; = 12.94, P < 0.001) and
plant species richness (F; = 3.78, P < 0.001; Fig. 2A). These factors
explained 15.13% of the variation in soil fungal community compo-
sition. Bacterial community structure was also affected by the level
of soil moisture content and plant species richness (soil moisture:
F;=23.91,P<0.001; plant species richness: F; = 4.06, P < 0.001;
Fig. 2B), together explaining 23.09% of the variation in bacterial
community composition.

In general, soil fungal richness decreased in response to experi-
mental drought but was unaffected by plant species richness
(Table 1 and Fig. 2C). In contrast, effects of plant species richness
on bacterial richness differed between the ambient and drought
treatments (species richness x drought interaction; Table 1 and
Fig. 2D). Under ambient conditions, bacterial richness showed a
negative relationship with plant species richness (adjusted R* = 0.15
and P = 0.003), but bacterial richness was unrelated to plant species
richness under drought conditions (P = 0.245; Fig. 2D). Under
ambient conditions, soil moisture content also decreased with in-
creasing plant species richness (fig. S2), but accounting for relation-
ships between bacterial/fungal richness and soil moisture did not
alter the observed relationships between bacterial/fungal richness
and plant species richness (Table 1).

Experimental drought also decreased AMF richness, with greatest
drought-induced decreases in AMF observed under higher species
richness levels (species richness x drought interaction; Table 1 and
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Fig. 2E). Nevertheless, AMF richness showed a positive relationship
with plant species richness in both “drought” treatments (Fig. 2E;
adjusted R* = 0.29, P < 0.001 and adjusted R* = 0.14, P = 0.003 for
ambient and drought treatments respectively; table S1). Effects of
plant species richness on fungal pathogen richness differed between
the ambient and drought treatments (species richness x drought
interaction; Table 1 and Fig. 2F). Under ambient conditions, fungal
pathogen richness showed a negative relationship with plant species
richness (adjusted R* = 0.12, P = 0.007), but fungal pathogen rich-
ness was unrelated to plant species richness under drought condi-
tions (P = 0.145; table S1 and Fig. 2F). Fungal saprotroph richness
did not show any responses to plant species richness, drought treat-
ments, or their interaction (table S2 and fig. S2). In parallel, plant
productivity showed a positive relationship with plant species
richness under ambient conditions in phase I (adjusted R* = 0.12,
P = 0.006), but no relationship with plant species richness under
drought conditions (adjusted P = 0.907; fig. S3).

Plant biomass and BEs in phase I

In general, plant aboveground biomass increased with plant species
richness (Table 2, table S3, and Fig. 3A). However, the positive
effects of plant species richness on aboveground biomass were
greater in communities with drought soil legacy treatments (i.e., with
soil previously exposed to drought) compared with those without
drought soil legacy (plant species richness x drought legacy interac-
tion; Table 2 and Fig. 3A). In addition, plant species richness effects
were lower in mesocosms experiencing phase II drought compared
with those in ambient treatments (plant species richness x phase II
drought interaction; Fig. 3A).

Net BEs and CEs increased with plant species richness across
all drought treatments (Table 2, table S3, and Fig. 3, B and C).
Positive effects of species richness were greater for ambient plant
communities compared with droughted-plant communities (species
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Fig. 2. Soil microbial communities in phase I. Redundancy analysis (RDA) showing the influence of soil moisture content and plant species richness on (A) soil fungal
community composition and (B) soil bacterial community composition in phase | (SR, plant species richness; SMC, soil moisture content). Effects of drought treatments
and plant species richness on (C) total soil fungal richness, (D) total bacterial richness, (E) AMF richness, and (F) fungal pathogen richness. Means and SE are given. Lines
indicate significant relationships between plant species richness and microbial variables at the mesocosm level (P < 0.05). Shaded areas indicate 95% confidential intervals

of fitted lines.

richness x ongoing drought interaction; Table 2 and Fig. 3, B and C).
Net BEs and CEs were also greater in communities with soil previ-
ously exposed to drought, driven by a particularly large effect of
drought history under subsequent ambient conditions (drought
legacy x phase II drought interactions; Table 2 and Fig. 3, B and C).
Plant species richness effects on net BEs did not vary with drought
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legacy treatments, nor was there any interaction between plant
species richness, drought legacy, and ongoing drought treatments
on net BEs (Table 2). However, plant species richness interacted with
drought legacy and ongoing drought treatments to influence CEs
(species richness x drought legacy x ongoing drought interaction;
Table 2). The magnitude of positive plant species richness effects on
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Table 1. Results from linear mixed-effects models for soil microbes
in phase I. The interactive effects of plant species richness and drought
treatments on soil fungal richness, bacterial richness, AMF richness, and
pathogen richness in phase |, with soil moisture content over phase |
(average values) as a covariate. Degrees of freedom (df) and F values
are given. Bold types are significant effects (*P < 0.05, **P < 0.01, and
***P < 0.001). SR, species richness.

Variable df F

(a) Fungal richness

o —— St
(b) Bacterial richness I
Droughttreatment 1,54  14330%%
i R R
e e s

%

(d) Fungal pathogen
richness

SR x drought 4.85*%
0.13

Soil moisture

complementarity was greatest in ambient communities with previously
droughted soil (drought legacy), whereas the effects of plant species
richness on complementarity were lowest in ambient plant commu-
nities with ambient soil inoculum (Fig. 3C).

SEs were significantly affected by drought, but the magnitude
and direction of drought effects varied depending on both drought
legacy and plant species richness (plant species richness x drought
legacy x ongoing drought interaction; Table 2). SEs showed a posi-
tive relationship with plant species richness for ambient communities
with ambient soil inoculum (table S3). In contrast, SEs became
more negative as plant species richness increased for communities
with ongoing drought and/or drought soil legacy (table S3 and
Fig. 3D). The magnitude of negative SEs associated with high species
richness was particularly pronounced for ambient communities
growing with soil previously subjected to drought (Fig. 3D).

DISCUSSION

Mounting evidence indicates that biodiversity loss and drought are
interconnected and that impacts of these drivers cannot be under-
stood in isolation, but to date, combined effects of biodiversity loss
and drought on ecosystem function remain poorly explored (40).
Our two-phase experiment, examining direct and indirect (legacy)
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effects of drought on plant diversity-productivity relationships,
resulted in three key findings: (i) drought modifies the relationships
between plant species richness and richness of soil microbial groups
(bacteria, AMF, and fungal pathogens), (ii) drought soil legacy
increases the magnitude of net BEs but not the response patterns of
net BEs to increasing plant species richness, and (iii) drought soil
legacy interacts with subsequent drought, modifying the relative
contribution of complementarity and selection to net diversity
effects. Overall, levels of soil fungi and AMF richness were high,
although similar fungal and AMF OTU richness has been reported
in some other grassland studies (41-43).

In line with our first hypothesis, we found that both drought and
plant diversity modified the structure of soil fungal and bacterial
communities, confirming results from previous studies in herbaceous
ecosystems (11, 17, 44). Soil microorganisms play a crucial role for
plant performance and community dynamics via mutualists and
pathogens, as well as via decomposition of organic matter and
nutrient cycling (42, 45). Within grassland ecosystems, increasing
plant diversity has been shown to have a positive effect on microbial
diversity in some studies (16, 42) but a negative or no effect in others
(11, 17, 46, 47), suggesting confounding abiotic and biotic effects
(48). In the present study, we found that linkages between plant spe-
cies richness and fungal richness varied depending on both fungal
guild and drought treatment. Under ambient conditions, plant
species richness increased richness of mutualists but decreased
richness of pathogens, in agreement with inoculation experiments
(49) and data on AMF in herbaceous plant communities (50, 51).
Plant species richness also showed a negative relationship with total
bacterial diversity under ambient conditions, with decreases in bac-
terial diversity at least partly driven by concurrent decreases in soil
moisture. Under drought conditions, however, the strength of plant
species richness effects on AMF was reduced, and the negative
relationships between plant species richness and pathogens/bacteria
disappeared. Drought has previously been shown to weaken the
link between plant and bacterial carbon turnover (52), and decreased
carbon allocation from plants to microorganisms under drought con-
ditions could at least partly explain the weaker effects of plant species
richness on microbial groups observed in our drought treatment.

Soil water stress may promote selection for drought-adapted
microbial taxa (28, 53), and recent work on linkages between AMF
diversity and genetic diversity in barley has suggested that drought
may generate unexpected plant-soil biotic interactions (54). Our
study demonstrates that drought mediates linkages between multi-
ple fungal guilds and plant species richness in herbaceous commu-
nities, with implications for both soil legacy effects and plant
diversity-productivity relationships in a changing environment. It
is notable that positive plant diversity-productivity relationships in
phase I were only apparent under ambient conditions (fig. S3), pro-
viding added support to the idea that soil fungal pathogens are an
important driver of plant diversity-productivity relationships (18).
Given that positive plant diversity-productivity relationships in
phase I also occurred at the expense of bacterial richness, our results
could indicate a role for soil bacterial pathogens in plant diversity-
productivity relationships; decreases in the diversity of bacterial
pathogens with increasing plant species richness could promote
plant productivity. Resolving microbial and, in particular, bacterial
diversity into functional groups is a challenge (55), and links between
soil bacterial pathogens and plant diversity-productivity relation-
ships remain to be explicitly demonstrated.
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Table 2. Results of linear mixed-model analysis for plant data in phase Il. The interactive effects of plant species richness, drought legacy (DL; past drought),
and present drought (PD; phase Il) treatments on aboveground biomass, net BE, CEs, and SEs in phase Il. Degrees of freedom (df) and F values are given. Bold

types are significant effects (*P < 0.05, **P < 0.01, and ***P < 0.001).

Aboveground biomass BE CE SE
df F df df F df F
Plant SR 1,45 8.38** 1,33 11.02** 1,33 37.13*** 1,33
DL 1,67 0.30 1,57 57.48%** 1,57 76.85%** 1,57
PD 1,112 305.97*** 1,90 13.48*** 1,90 5.80* 1,90 0.34
SRx DL 1,67 7.49*%* 1,57 0.19 1,57 19.06*** 1,57 24.75%**
SRxPD 1,112 11.39** 1,90 8.38** 1,90 3.96* 1,90 0.12
DL xPD 1,112 0.09 1,90 31.19*** 1,90 59.33*** 1,90 16.23%**
SRx DL xPD 1,112 3.37 1,90 0.66 1,90 26.5%** 1,90 30.08%**
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Fig. 3. Aboveground biomass and BEs in phase Il. Effects of past (drought legacy) and present (phase Il) drought treatments on (A) aboveground biomass, (B) net BEs,
(C) CEs, and (D) SEs at different species richness levels in experimental mesocosms. Treatments are given by the following: A-A, ambient-ambient; D-A, drought-ambient;
A-D, ambient-drought; and D-D, drought-drought. Lines indicate significant relationships between plant species richness and plant variables at the mesocosm level
(P <0.05). Shaded areas indicate 95% confidential intervals of fitted lines. Means and SE are given for all treatment combinations.

We found that net BEs were more positive in plant communities
with previously droughted soil, supporting our second hypothesis
that drought soil legacy influences BEs on plant productivity in spe-
cies mixtures. Drought history and drought soil legacy can have
lasting effects on plant community structure and ecosystem pro-
cesses (32, 56, 57), but the effects of drought soil legacy on plant

Xietal, Sci. Adv. 8, eabn3368 (2022) 4 May 2022

diversity-productivity relationships are poorly understood. In our
study, positive effects of drought legacy on diversity effects were driven
by a higher differential between production of monocultures and
mixed communities growing in ambient conditions on previously
droughted soil, but drought soil legacy alone did not alter the
response patterns of net BEs to plant species richness. Inspection of
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plant communities in droughted conditions also revealed a tendency
for reduced monoculture performance in previously droughted soil.

Reduced growth of monocultures in previously droughted soil
in the present study is consistent with drought legacy effects on
conspecific plant-soil feedback documented for herbaceous mono-
cultures elsewhere (57) and may reflect changes in AMF abundance
and mycorrhizal growth responses due to drought legacy effects
(58). The large drought-induced reductions in bacterial richness
observed for monocultures in phase I could also contribute to the
lower performance of monocultures in previously droughted soil
observed in phase II. We do not know the precise mechanism
explaining the improved performance of high-diversity mixtures
on soil with a history of drought subsequently exposed to ambient
conditions but propose that it could result from improved nutrient
availability via drought legacy effects on the soil microbial communi-
ty. Drought-tolerant microbial communities in high-diversity plant
communities may have promoted the performance of plant com-
munities in ambient conditions through shifts in plant/microbial
competition for N (59, 60) or by enhancing organic matter decom-
position and C and N fluxes (61, 62). Quantitative measurements of
microbial group abundance and related soil processes as well as soil
physicochemical properties would provide additional insights into
the mechanistic underpinnings of drought soil legacy effects.

Unlike drought legacy, phase II drought conditions interacted
with species richness on plant productivity and net BEs; diversity-
productivity relationships [biodiversity and ecosystem functioning
(BEF)] were stronger in ambient conditions compared with droughted-
plant communities. The weaker BEF relationship in response to
drought observed here agrees with some results from experimental
grassland communities and gradients of species richness (63, 64),
and suggests incomplete buffering and/or incomplete compensatory
effects of plant diversity under drought (65). Our results for net
diversity effects imply that current drought events and plant-driven
mechanisms have a greater impact on linkages between plant spe-
cies richness and ecosystem functioning than do drought soil legacy
effects. Nevertheless, the additive effects of drought soil legacy on
net diversity effects support recent assertions that knowledge of
plant-soil interactions can improve predictions of plant community
growth and diversity-productivity relationships (14, 66).

Similar overall response patterns of net BEs may mask different
combinations of SEs and CEs (64). In the present study, we found that
the partitioning of net BEs into CEs and SEs varied depending on
both drought soil legacy and ongoing drought conditions. These
results provide partial support for our third hypothesis; subsequent
drought alters the effects of drought soil legacy on the drivers of
BEF relationships, rather than on the form of the overall BEF rela-
tionship per se. Our study contributes to the growing number of
studies, which suggest that regulators of plant diversity-productivity
relationships are context dependent (64, 67). Observed responses
of CEs and SEs to ongoing drought were not consistent with the
stress gradient hypothesis (i.e., increased ratio of facilitative to com-
petitive interactions under more stressful conditions); previous
studies along drought gradients have also provided mixed support for
this idea (68).

Under subsequent well-watered conditions (i.e., ambient condi-
tions in phase II), drought soil legacy generated divergent relation-
ships between selection and species richness and induced significant
increases in the strength of CEs. Changes in CEs may be driven by shifts
in the relative contribution of processes underlying complementarity

Xietal, Sci. Adv. 8, eabn3368 (2022) 4 May 2022

(facilitation via microclimate amelioration versus resource parti-
tioning or altered soil-plant feedbacks), although such phenomena
remain poorly characterized (68). Drought-induced changes in
microbial group richness observed in the first phase of our experiment
do not appear to provide a biologically intuitive explanation for the
shifts in selection and complementarity recorded in this treatment
combination. Instead, these drought legacy effects may reflect
drought-induced changes in microbial functioning, which affect
carbon turnover and loss, with implications for nutrient cycling and
plant resource partitioning (56, 69).

In the absence of soil microbial diversity measurements in the
second phase of our experiment, we cannot rule out the possibility
that drought history interacted with present drought treatments on
the soil microbial community. However, recent work indicates that
multiple recurrent drought events strengthen shifts in the composi-
tion of microbial communities (32). Given that CEs are usually con-
sidered to promote ecosystem stability whereas SEs are destabilizing
(70), our findings also suggest that soil-mediated drought legacy
effects may have broader-reaching implications for ecosystem func-
tioning. Of course, in real-world systems, drought will induce legacy
effects in both the soil and plant communities, and the interplay
between drought soil legacy and drought plant legacy will determine
plant-soil interactions and ecosystem processes in the more or less
long term (71). In theory, variation in the timing, duration, and
intensity of drought may also mediate the strength and persistence
of drought soil legacy effects on plant communities (72, 73), and
future studies are required to determine whether effects of soil leg-
acy from pulse and press droughts differ.

Our experimental design allowed us to examine how the effects
of chronic water reduction on the soil microbial community can
affect plant diversity-productivity relationships and how subsequent
water availability mediates such soil drought legacy effects. Our
results demonstrate drought-induced changes in the richness of soil
microbial groups and suggest that drought-induced changes in the
linkages between plant species richness and soil pathogens may
drive concomitant changes in the relationship between plant spe-
cies richness and aboveground productivity. Effects of drought soil
legacy on aboveground productivity and diversity effects were ex-
pressed most strongly under subsequent nonlimiting water availability,
with implications for ecosystem stability under recurrent drought.
Moreover, we found that positive plant diversity-productivity rela-
tionships were maintained by shifting patterns of CEs and SEs in
the presence or absence of drought soil legacy effects, providing
evidence for soil microbial mediation of BEF relationships in a
changing environment. Exploring the relative contribution of above-
and belowground legacy effects on BEF relationships will be a
further necessary step toward mechanistic understanding of the
dynamic responses of ecosystems to climate change.

MATERIALS AND METHODS

Experimental design

We set up a two-phase experiment with a subtropical old field
grassland model system to investigate how the plant community
and drought influence soil legacy effects and plant-soil feedbacks.
In line with previous soil legacy studies [e.g., (56, 71)], soil microbial
communities were conditioned by plant communities in phase I,
and the soil microbial legacy was tested using newly established
plant communities in phase II (Fig. 1). In each phase, five plant
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diversity (species richness) treatments were factorially crossed with
two rainfall treatments, i.e., ambient and reduced rainfall conditions
(Fig. 1). Diversity treatments were constructed from a pool of 12
herbaceous species that co-occur in natural old fields in southern
China, including three grasses (Dactyloctenium aegyptium, Digitaria
radicosa, and Isachne repens), eight nonlegume forbs (Celosia
argentea, Amaranthus viridis, Achyranthes aspera, Emilia sonchifolia,
Ageratum conyzoides, Eclipta prostrata, Ludwigia hyssopifolia, and
Capsella bursa-pastoris), and a legume (Mimosa pudica). Seeds for
all species were collected from January to February 2019 in old
fields in Fengkai County, China. The climate is subtropical mon-
soon with a mean annual temperature of 19.6°C and a mean annual
precipitation of 1532.8 mm. The field site is characterized by high
interannual variation in monthly rainfall, with cooler, drier months
from November to February. Soil was collected in an old field in
Fengkai County, China (23.51°N, 111.82°E) in March 2019. The soil
is characterized as lateritic red soil (3.53% C and 0.18% N) and has
a pHmo of 5.28. Topsoil (15-cm depth) was collected, sieved to remove
large particles and organic debris (1-cm mesh), and homogenized
before the experiment.

Phase I: Conditioning soil microbes under different plant
communities and rainfall conditions

We performed the soil conditioning phase of the experiment at the
Heishiding nature reserve in Fengkai (23.46°N, 111.90°E) using a
total of 120 mesocosms (five plant diversity levels x two drought
treatments x 12 replicates). Mesocosms were created with single
plant species (monocultures) or with mixtures of 2, 4, 6, and 12 species.
There were 12 monocultures (one for each plant species) and 12
combinations for each of the two, four, or six species mixtures; spe-
cies composition was determined using 12 separate random draws
from the complete species pool (table S4). The 12-species mixture
had constant species composition (12 replicates). Each mesocosm
consisted of 12 individual plants, and all plant species had equal
density in the mixtures.

Seeds were first surface sterilized by rinsing in 75% ethanol for
2 min and then germinated in sterilized vermiculite. On 28 April
2019, 12 two-week-old seedlings were transplanted into each meso-
cosm (24 cm in diameter and 19 cm in height), and plants that failed
during the first week were replanted. All mesocosms were regularly
watered for the first 6 weeks to avoid drought stress. On 15 June,
mesocosms in each diversity treatment were assigned to either a
drought or ambient watering treatment. Half of the mesocosms
continued to be watered regularly (i.e., ambient treatment, 600 ml
applied slowly every 4 days), and the remainder received one-third
of the water applied in the ambient treatment (i.e., drought treat-
ment, 200 ml provided every 4 days). The drought treatments
were performed for 12 weeks. Mesocosm location was randomized
monthly to avoid position effects.

Volumetric soil moisture content at 5-cm depth was monitored
in all mesocosms by a portable GS-3 soil moisture probe (Decagon
Devices Inc., WA) monthly. Over the course of phase I, the reduced
watering regime in the drought treatment caused significantly
different soil moisture contents between the “drought” and “ambient”
mesocosms (table S5 and fig. S4A). Plants were grown for 18 weeks.
At the start of September 2019, when all species were in their repro-
ductive stage, all plants were removed from the experimental meso-
cosms. A subsample of 20-g soil was removed in each mesocosm
and stored at —80°C for soil microbial DNA sequencing. For the
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12-species mixtures, we randomly selected five mesocosms for
microbial analyses in each drought treatment. A subsample of 30%
(by volume) of the soil from each mesocosm was stored at —20°C as
soil inoculum before phase II.

Phase II: Plant community responses to soil microbial legacy

and a subsequent drought

Bulk soil was collected at the Heishiding nature reserve and sterilized
by y-irradiation at 25 kGy. Gamma irradiation has been shown to
effectively sterilize soil with minimal impacts on other soil proper-
ties (74). Mesocosms (21 cm in diameter and 17 cm in height) were
filled with 90% (by volume) sterilized bulk soil and 10% condi-
tioned soil. This approach allowed us to minimize the impacts of
differences in soil abiotic properties on plant growth and explore the
role of soil microorganisms (75). Two-week-old seedlings were trans-
planted into mesocosms on 13 May 2020 using the same diversity treat-
ments and plant community composition as in in phase I, i.e., all
plant communities were grown in “own” soil. Plants that failed
during the first week were replaced. During the first 3 weeks, all
mesocosms were watered regularly to promote seedling establishment.

On 2 June 2020, drought and ambient watering treatments were
established (same watering regime as in phase I), and the watering
regime in phase I was crossed with the watering regime in phase
II. Half the mesocosms with soil from the ambient treatment in
phase I were assigned to the ambient watering treatment in phase II,
whereas the remainder were assigned to drought (Fig. 1). Similarly,
half of the mesocosms with soil from the drought treatment in
phase I were assigned to the ambient watering treatment in phase II,
whereas the remainder were assigned to drought (Fig. 1). This
generated four drought treatments in phase II, namely, ambient
treatments in both phases (A-A), drought treatments in both phases
(D-D), ambient in phase I + drought in phase IT (A-D), and drought
in phase I + ambient in phase II (D-A). In total, there were 240
mesocosms (five diversity levels x four drought treatments x 12
replicates). During the phase II period of the experiment, volumetric
soil moisture content at 5-cm depth was monitored every 2 weeks
using a GS-3 soil moisture probe (Decagon Devices Inc. WA). Over
the period of phase II, the drought treatments caused significantly
different soil moisture contents among mesocosms (table S5 and
fig. S4B).

Mesocosm locations were randomized every 2 weeks, and plants
were left to grow until early August 2020 when all species were in
their reproductive stages. At final harvest, aboveground biomass
was sorted by species in each mesocosm. Belowground biomass was
harvested at the mesocosm level because the root systems could not
be sorted out to individual species. Plant materials were oven dried
at 60°C for 48 hours and weighted to determine biomass.

Partitioning BEs

The net BE of each multispecies mesocosm was determined as the
difference between the observed yield and its expected yield, based
on species’ proportional abundances multiplied by their biomass in
monoculture (76). The CE was calculated as the deviation in average
relative yield in the mixture, i.e., N ARY; M;, where i is the compo-
nent species in the mixture, N is the number of component species,
ARY; is the deviation from the expected relative yield of species i in
the mixture, and M; is the aboveground biomass of species i in its
monoculture. The SE was calculated as the covariance between the
monoculture yield of species and the deviation in relative yield in
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the mixture, i.e., N cov (ARY;, M;). These various effects can be
related by an additive partition: BE = CE + SE. Positive CE indicates
that species yields in a mixture are on average higher than expected
values of the component species (the weighted average monoculture
yields), and positive SE indicates that species with higher-than-
average monoculture yields dominate the mixture.

Soil microbial DNA sequencing

DNA was extracted from soil samples using the MOBIO PowerSoil
DNA Isolation Kit (MOBIO Laboratories, Carlsbad, CA, USA). DNA
quality, concentration, and purification were checked on 1% agarose
gel electrophoresis and NanoDrop One UV-Vis Spectrophotometer
(Thermo Fisher Scientific, Wilmington, USA). The V4 hypervariable
region of the 16S ribosomal RNA (rRNA) for bacteria and second
internal transcribed spacer (ITS2) region of the rRNA operon for
fungi were amplified using primer combinations 515F/806R (77)
and ITS3F/ITS4R (78), respectively. Polymerase chain reaction
(PCR) was conducted using Bio-Rad S1000 (Bio-Rad Laboratory, CA),
with a 50-ul mixture containing 25 pl of 2x Premix Taq, 10 mM of
each primer, 60 ng of DNA, and nuclease-free water. The PCR
amplification had an initial denaturation step at 94°C for 5 min,
followed by 30 cycles of denaturation at 94°C (30 s), annealing at
52°C (30 s), extension at 72°C (30 s), and a final extension at 72°C
(10 min). PCR products were extracted and purified using E.Z.N.A. Gel
Extraction Kit (Omega, USA). Amplicon libraries were prepared
using NEBNext Ultra DNA Library Prep Kit for llumina (New England
Biolabs, USA) following the manufacturer’s protocol, and PE250
sequencing was performed on a NovaSeq 6000 Sequencing System
(Illumina, San Diego, USA).

OTUs were categorized at 97% sequence similarity using the
UPARSE package, and taxonomic assignment for bacteria and fungi
was performed using the Silva and Unite databases, respectively.
Singleton sequences, chloroplast or mitochondria (16S amplicon)
sequences, and sequences that could not be assigned to the kingdom
level were removed from the final OTU table. Each sample was rarefied
to the same number of reads as the smallest sample (52,190 and
29,940 reads for bacteria and fungi, respectively) in subsequent
analyses. Fungal OTUs were assigned to AMF, plant pathogens and
saprotrophs using FUNGuild (79) and further checked based on
literature.

Statistical analyses

Effects of plant species richness and drought on soil microbial com-
munity structure in phase I were examined using distance-based
redundancy analysis (db-RDA). Fungal and bacterial OTU compo-
sitional data were Hellinger transformed, and Bray-Curtis dissimi-
larity was used to measure community distances. Plant species richness
and soil moisture content (the average values of mesocosms over the
phase I, natural log transformed) were used as explanatory variables.
The db-RDAs were performed in R using the “capscale” function in
package “vegan.” In addition, we performed general linear mixed-
effects models using the “Ime” function in R package “nlme” to
evaluate interactive effects of plant species richness and drought on
soil fungal richness, bacterial richness, AMF richness, fungal pathogen
richness, and saprotroph richness. Plant species richness (natural
log transformed) and drought treatments in phase I were included
as fixed factors, and plant community composition was used as a
random factor. Average soil moisture content over phase I was
included as a covariate. Separate regression analyses were then
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performed to test whether there were linear relationships between
plant species richness and these response variables in each drought
treatment.

To test for interactive effects of plant species richness, drought
legacy from phase I, and ongoing drought treatments on plant
variables in phase II (i.e., plant community biomass, net BEs, CEs,
and SEs), we performed general linear mixed-effects models.
Plant species richness (natural log transformed) and drought treat-
ments from phases I and II were included as fixed factors, whereas
plant community composition and mesocosms that provided soil
inoculums were used as random factors. Between-group compari-
sons were performed using the Tukey’s post hoc tests. All analyses
were conducted in R (80).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn3368
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