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1 | INTRODUCTION

Water is a major determinant of ecosystem functioning. Alterations
in water availability such as those derived from extended dry pe-
riods (i.e. drought), structures plant and soil microbial communi-
ties as well as their interactions (Pugnaire et al., 2019; Van Dyke
et al,, 2022). However, we lack understanding on how above-
ground plant traits link to soil microbial communities and the func-
tions they perform in response to drought. An increasing number
of studies have shown that subordinate plant species, defined as
those that are found frequently in a community but never attain
dominance (Mariotte, 2014), may have a larger influence on eco-
system functioning than their abundance indicates, especially dur-
ing drought conditions (Boeken & Shachak, 2006; Jia et al., 2021;
Mariotte, 2014; Mariotte, Vandenberghe, Meugnier, et al., 2013;
Urcelay & Diaz, 2003). Dominant and subordinate species gener-
ally have different functional traits, associated with rapid acquisi-
tion of resources and with resource conservation, respectively (Diaz
et al., 2004; Grime et al., 1997; Mariotte, Vandenberghe, Meugnier,
et al., 2013). Above-ground, dominants favour biomass production
and subordinates favour nutrient retention (Lavorel et al., 2011),
while below-ground, traits of dominant plant species generally pro-
mote bacterial-dominated microbial communities, in contrast to the
fungal-dominated communities associated with subordinate plant
species (de Vries et al., 2012; Grigulis et al., 2013). Given the cur-
rentincrease in drought frequency and intensity in many areas of the
world (IPCC, 2023), assessing mechanisms linking the relative abun-
dance of a species and its contribution to ecosystem functioning in
response to drought may enhance our ability to predict ecosystem
responses to climate change.

Historically, dominant species have been considered more im-
portant for ecosystem processes because of the large amount of bio-
mass they produce (‘mass ratio hypothesis’; Grime, 1998). However,
the biomass of subordinate species often shows higher resistance
to drought compared to dominant species (Castillioni et al., 2020;
Mariotte, 2014; Mariotte et al., 2015, 2017; Mojzes et al., 2018).
It has been suggested that, similarly to keystone taxa in microbial
communities (Banerjee et al., 2018), subordinate species may stabi-
lize ecosystem functions within the plant community (‘subordinate
insurance hypothesis’; Mariotte, 2014) through plant-microbe inter-
actions. Given the importance of plant-soil microbe interactions for
multiple ecosystem processes (Van Der Heijden et al., 2008; Wagg
et al., 2014), responses to drought at the root-soil interface may
have large effects on ecosystem functions. Experimental evidence

The data presented here provide a basis to explain the underlying mechanisms

behind the response of grassland communities and their C cycling to drought.

carbon and nitrogen dynamics, dominant plants, drought, ecosystem functioning, microbiome,
rhizosphere, subordinate plants

in a montane grassland in Switzerland has shown that the presence
of subordinate species maintains higher ecosystem respiration rates
during drought periods and this effect was largely due to the stim-
ulation of soil fungi (Mariotte et al., 2015; Mariotte, Vandenberghe,
Kardol, et al., 2013). Given the important role of soil microbial com-
munities in decomposition of soil organic matter (SOM), the effects
of plants on soil microbial communities can have important conse-
quences for global carbon (C) and nutrient cycles in response to cli-
mate change (Conant et al., 2011; Hursh et al., 2017; Qin et al., 2019).

The response of dominant versus subordinate species to drought
may differ because the colonization by arbuscular mycorrhizal fungi
(AMF) can increase in subordinate species under drought and they
possess a higher C to nitrogen (N) stoichiometric flexibility (Mariotte
et al., 2017). In contrast, traits of dominant species (such as nutrient
homeostasis and large biomass formation) that allow them to attain
dominance (Yu et al., 2015) may be less advantageous when nutri-
ents and water become limited (Mariotte et al., 2017). Therefore,
subordinate species may be able to utilize niches created by the
decreased competition between dominant and subordinate spe-
cies during drought, possibly via investing relatively more C into
arbuscular mycorrhizal cooperation to obtain soil nutrients such as
N. Supporting this, a previous field drought experiment has shown
that mycorrhizal arbuscule root colonization correlated positively
with plant N in the subordinate species Cynodon dactylon, while no
correlation was found in the dominant species Paspalum dilatatum
(Mariotte et al., 2017). Furthermore, arbuscular mycorrhizal symbio-
sis can reduce the competition between subordinate and dominant
plant species (Mariotte, Meugnier, Johnson, et al., 2013), although
the direction of this effect depends on the type of mycorrhizal fungi
and environmental conditions (Lin et al., 2015; Yao et al., 2008). The
accumulated evidence suggests that mycorrhizal fungi represent an
important regulator of plant-plant interactions, minimizing fitness
differences between plant species and regulating plant community
dynamics (Bever et al., 2010; Urcelay & Diaz, 2003) and are linked
to ecosystem processes such as nutrient cycling and plant produc-
tivity (Wipf et al., 2019). However, we have limited experimental
evidence linking mycorrhizal colonization, soil nutrient cycling and
the dynamics of dominant versus subordinate plant species under
drought, despite the potential in shaping the composition and bio-
mass of grassland communities. Given that grasslands are one of the
most widespread biomes, accounting for up to 40% of the emerged
land surface (Petermann & Buzhdygan, 2021), and their role in bio-
diversity conservation and carbon sequestration, this represents an
important knowledge gap.
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In this study, we aimed at quantifying below-ground C invest-
ment and N uptake traits of a dominant (Paspalum dilatatum) and
a subordinate (Cynodon dactylon) grass species in two Australian
grasslands exposed to experimental drought. Specifically, we hy-
pothesized that:

(i) the dominant species allocates more C above-ground per unit
of N while the subordinate species allocates more C below-
ground, that is to the microbial community;

(ii) the subordinate species increases C allocation to arbuscular my-
corrhizae during drought;

(iii) the subordinate species obtains more N during drought
conditions.

To assess these hypotheses, we made use of two field drought
experiments that had similar plant species composition and climate
but different soils. At both sites, dominant species decreased their
biomass in response to drought, while subordinate species either
increased or did not change their biomass. Intact soil cores with ei-
ther the dominant P. dilatatum or the subordinate C. dactylon were
collected and subjected to a 13C—CO2 and 15NH415NO3 dual-pulse
labelling incubation to measure species-specific C and N trading at
the plant-soil interface.

2 | MATERIALS AND METHODS
2.1 | Studysystems

The field experiment was carried out in two semi-natural Eastern
Australian grasslands: (i) John Bruce Pye Farm (hereafter referred
as ‘JP’), The University of Sydney, approximately 30km north-west
of Campbelltown, NSW, Australia (33°56'25.5” S 150°40'15.5”E)
(Canarini, Carrillo, et al., 2016); and (ii) the ‘Drought and Root
Herbivore Impacts on Grassland’ (DRI-Grass) experimental facility
(from here now referred as DG), located at the Hawkesbury Institute
for the Environment, at Western Sydney University, Richmond,
Australia (33°36'35.0” S 150°44'18.0"E) (Power et al., 2016).
Fieldwork was conducted at research sites managed by the University
of Sydney and Western Sydney University. As the research was car-
ried out by authorized researchers within institutionally managed
sites, no additional fieldwork permits or licences were required. The
two experiments were 37 km apart and experienced similar climatic
conditions. The climate of the area is temperate with hot wet sum-
mers (December to February) and cool dry winters (June to August).
The experimental design of the two experiments is described in de-
tail in Canarini, Carrillo, et al. (2016) and Power et al. (2016), respec-
tively. A summary of each site's climate, soil properties and a list of
the dominant and subordinate species are given in Table S1. In this
study, we used a sub-set of 8 sheltered plots from each experiment
representing two simulated rainfall regimes with four replicates
each: (i) ambient rainfall (hereafter ‘Control’) and (ii) reduced rain-
fall quantity by 50% (hereafter, ‘Drought’). Drought was applied as
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a continuous 50% reduction in ambient rainfall throughout the year
for the full duration of the experiment. The above-ground biomass of
subordinate species increased at the DG site and remained constant
at the JP site under drought whereas dominant species decreased
their biomass at both sites (Figure S1; see also Mariotte et al., 2017).

2.2 | Soil core sampling and growth chamber
incubation

In the summer of 2016, after about 2years of reduced rainfall manipu-
lation at the JP site and 2.5years at the DG site, two 10cm diameter
areas within each plot in each site were selected to contain one of
the two species of interest: the subordinate Cynodon dactylon or the
dominant Paspalum dilatatum. The experimental drought (as well as the
controls) was still ongoing at the time of core collection. These species
were chosen because they were classified as dominant/subordinate
at both sites based on their frequency and cumulative relative cover
(Mariotte, 2014; Mariotte et al., 2017) and were present in all plots.
Ten cm diameter x20cm deep PVC sections were inserted into the
ground down to 15cm and the resulting cores removed, transported to
the laboratory and placed in a growth chamber. Due to the clonal and
tufted growth form of both grass species, it was not possible to confirm
whether each core contained a single genet or multiple interconnected
individuals. However, all cores were visually inspected and confirmed
to be monospecific, with only the target species (Cynodon dactylon or
Paspalum dilatatum) present. Cores were incubated in two controlled
CO, (one for 8¢ labelling and one for natural abundance) flow cabi-
nets (2mx2.4mx1m; Climatic Chambers, Vancouver, Canada). Cores
were physically separated in trays and labelling was performed in iso-
lated CO, flow cabinets to prevent cross-contamination. Each cabinet
provided an airtight system (1500L airtight units) enabling the mainte-
nance of a constant atmospheric CO, level of 400uL L The CO, con-
centrations were maintained automatically using mass flow controllers
(Brooks Smart, DMFC, Emmerson process Management, Pittsburg,
PA, USA). A broad infrared gas analyser (IRGA, CARBOCAP, GMT222,
Dual Wavelength NDIR sensor, Vaisala, Oyj, Finland) was fitted in each
of the flow cabinets to control the correct delivery of CO,. The con-
centrations of CO, were maintained at 400 uL L by a solid carbon soda
filter (Sofnoline, Sigma, St Louis, MO, USA). In each cabinet, maximum
daily temperatures ranged from 25 to 26°C; daily minimum tempera-
tures ranged from 15 to 16°C. Light intensity averaged 250 W m ™, with
a 16-h photoperiod and a relative humidity of 70%. Climate data for
the cabinet were stored digitally during the entire incubation period.
Cores from drought field plots were maintained at 10% gravimetric
water content and those from control plots at 20%. These target gravi-
metric water values were based on typical field conditions at the field
sites in the 2014-2016 summers (Canarini, Carrillo, et al., 2016; Ochoa-
Hueso et al., 2020). Once the target moisture level was reached, it was
maintained with daily watering. All cores were randomly redistributed
after each watering period to reduce potential position effects within
the growth chamber. A schematic illustration summarizing the experi-
mental design and analyses is provided in Figure 1.
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FIGURE 1 Schematicillustration of the experimental design and
laboratory analyses.

2.3 | co,and N dual-pulse labelling

After 10days under simulated Control and Drought conditions,
each core received 50mL of water containing 35mg of 98 atom %
*NH,"°NO, (equalling 45kgNha™ per each 10cm pot), which was
applied by pouring slowly from above avoiding contact with the
plant. We applied >NH,**NO, to the soil surface to label the mineral
N pool accessible to roots and arbuscular mycorrhizal fungi within
intact cores. Plants were returned to the chamber for 1 day to allow
for water and N uptake. After that, 13CO2 pulse-labelling (99 atom %
3¢-C0,, <3 atom % °0; Sigma-Aldrich, Germany) was carried out
at 400puL L'! for 24 h. A total of 32 soil cores were used in the pulse-
labelling experiment. Fourteen cores of C. dactylon (7 under drought
condition and 7 controls) and 14 cores of P. dilatatum (7 under
drought condition and 7 controls) with equal representation from
the two field sites were labelled with *>NH,"°NO, and subjected
to the 13CO2 pulse labelling. An additional 4 unlabelled cores (2 per
species) served for natural abundance and background **N and **C
measurements and were incubated in a separate CO, flow cabinet to
ensure that there was no contamination with respired **C-enriched
CO,,. Isotopic enrichment (excess 3C and 15N) was calculated as the
difference between labelled and natural abundance samples using a
mass balance approach. For each pool, the atom% excess was mul-
tiplied by the total mass of C or N, following the approach of Drigo
et al. (2010), but adapted here to integrate both plant and microbial
compartments. The 3C and *°N ‘excess’ in each pool was calculated

as a simple mass balance relative to unlabelled controls:

Excess™>Cpoo = Cpool X (atom % *Cppereq — atom % 23C, ¢,ra1) / 100

Excess™ N0 = Npoor X (atom % °Njpeieq — atom % N, o) / 100

where Cpool and Npool are the total C or N masses of the pool (shoots,
roots, rhizosphere soil, bulk soil; units as reported). Whole-core recov-
ery was computed as the sum across pools.

2.4 | Harvesting procedure, soil and plant *C/*°N
analysis and root staining

To assess the fate of °C and N, we sampled all labelled C. dactylon
and P. dilatatum plants and soil immediately after the 24 h of labelling.
In addition, four unlabelled C. dactylon and P. dilatatum were harvested
to serve as controls for background §*3C and *°N values. Upon harvest,
shoots, roots, rhizosphere soil and bulk soil were separated. Half of the
shoot samples were oven-dried and weighed, and the other half freeze-
dried for *3C and *°N analysis. Roots were shaken gently to remove
loosely adhering soil, and the remaining attached soil was considered
rhizosphere soil. Root fragments remaining in the bulk or rhizosphere
soil samples were removed by passing through a 1 mm sieve. A portion
of the soil samples (rhizosphere for RNA-stable isotope probing [SIP]
and bulk for PLFA) were frozen immediately in liquid N, freeze-dried
(bulk soil only) and stored at —~80°C until analysis. Clean root samples
were high-pressure frozen (Leica Microsystems, Australia) and stored
at -80°C before further sample preparation for *3C and *°N by high
resolution mass spectrometry (NanoSIMS).

All plant parts and soils were analysed for total C and N content and
13¢/*5N abundance by a Delta V Advantage isotope ratio mass spec-
trometer (IRMS) with a Conflo IV interface (Thermo Fisher Scientific,
Bremen, Germany). A portion of the collected roots was cleared in 10%
KOH while fresh and stained with an ink-vinegar solution containing
5% Parker Quink Blue in household vinegar (adapted from Vierheilig
et al., 1998). For each subsample, three fine roots (<1 mm) of approx-
imately 2.5cm in length were examined under the microscope (Leica
DM 2500M, Leica Microsystems, Wetzlar, Germany) for the presence
of mycorrhizae using the modified line intersection method (McGonigle
et al., 1990). Presence of hyphae, arbuscules or vesicles was recorded
on 50 intersections for each of three roots (total of 150 intersections
per sample) and used to estimate the percentage of root colonization,
which was then averaged. Subsamples of fresh bulk soil were used for

enzymatic activity measurements as detailed below.

2.5 | DNAandRNASIP

Total RNA was extracted from 300 mg rhizosphere soil samples
using the RNeasy PowerSoil Total RNA kit (QIAGEN, Australia) ac-
cording to the manufacturer's instructions. From the same lysates,
genomic DNA was purified using the RNeasy PowerSoil DNA
Elution Kit (QIAGEN), following the manufacturer's instructions,
yielding matched RNA and DNA from each sample. The integrity
of the RNA preparations was visualized by LabChip® microflu-
idic technology and automated electrophoresis for RNA analysis
using the Experion RNA StdSens analysis system (ExperionTM,
Bio-Rad Laboratories Inc., Australia). Total RNA was quantified
using both the ExperionTM system and a NanoDrop, ND-1000
4 Spectrophotometer (Bio-Rad Laboratories Inc., Australia) and
subsequently stored at -80°C. 13C and N enriched Extracted
RNA/DNA was separated by isopycnic centrifugation in CsTFA
gradients (60h, 45,000 rpm). Fractions were collected, and ‘heavy’
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DNA and RNA were identified by buoyant density and confirmed
via RT-gPCR amplification (Drigo et al., 2010). RNA samples from
equilibrium density gradient fractions were reverse transcribed
using Moloney Murine Leukaemia Virus reverse transcriptase with
low RNAse H activity (200 U pL'i, M-MLV Reverse Transcriptase,
Thermo Fisher Scientific, Australia) using random hexamer prim-
ers (0.2 pgpL_l), according to the manufacturer's protocol. The
resulting cDNA was then used for bacterial 16S rRNA and fun-
gal 18S rRNA quantification by real-time PCR (see Supporting
Information: Materials and methods for more details). The diver-
sity analysis was performed by sequencing the polymerase chain
reaction (PCR) amplified V4 bacterial 16S rRNA gene hypervari-
able (V) region for bacteria, the intergenic spacer (ITS2) between
the 5.85 rRNA gene and the large ribosomal subunit (28S rRNA)
coding gene for fungi. ITS2 amplification was performed from ex-
tracted DNA and analysed separately from RNA-derived data. The
PCR products were prepared in two reactions. A low-cycle (28 cy-
cles) reaction for amplifying the target sequences using primers
suitable for the target microbial groups and one (8 cycles) for in-
dexing the amplified sequences with the same primers contain-
ing the indexing and linker 5’ overhangs (‘Primers_indexes.xls’ file)
generated with the Barcrawl v100310 software (Frank, 2009). The
selected two-step strategy aimed to prevent index-associated bi-
ases during amplification in cases where indexed primers are used
directly on environmental DNA templates (Berry et al., 2011). For
more details regarding primer sets, products quantification and cy-
cling conditions and for the bioinformatic pipeline see Supporting

Information: Materials and methods.

2.6 | PLFA and NLFA analysis

Soil phospholipid and neutral lipid fatty acid (PLFAs and NLFAs, re-
spectively) were extracted from bulk soil samples and analysed using
the high throughput method described in Buyer and Sasser (2012)
and adapted for collecting NLFAs (Sharma & Buyer, 2015). Briefly,
2 g of freeze-dried bulk soil was used for Bligh-Dyer lipid extraction
(Bligh & Dyer, 1959) as detailed in Castafneda-Gémez et al. (2020).
All samples were dried and analysed with gas chromatography (GC;
Trace 1300, Thermo Scientific, Austria) coupled to an 1SQ single
quadrupole mass spectrometer (MS; Thermo Scientific, Germany)
following trans-esterification for quantitative analysis relative to
an internal standard (19:0). PLFA-specific §'3C values were ana-
lysed using a Trace GC Ultra connected by a GC-IsoLink to a Delta
V Advantage Mass Spectrometer (all Thermo Fisher Scientific)
with the same program as the GC-MS. We used branched PLFAs
(i15:0, a15:0, i16:0, i17:0, a17:0, a19:0, a18:0) as indicators for gram-
positive bacteria which also includes the 10Me-PLFAs (10Me16:0,
10Me17:0, 10Me18:0) indicators for actinomycetes. We used cy-
clopropyl and mono-unsaturated PLFAs (16:107, cy17:0 and cy19:0)
for gram-negative bacteria, the mono-unsaturated PLFA 16:1w5 for
arbuscular mycorrhizal fungi, saturated PLFA 15:0 for uncatego-
rized bacteria, mono and poly-unsaturated PLFAs (cis18:109 and
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18:2w6,9) for fungi and unspecific PLFAs (16:1, 17:1, 18:1, i19:0,
a19:0, trans18:2w6,9) for viable biomass (Hu et al., 2018). The NLFA
16:1w5 was also used for arbuscular mycorrhizal fungi, as the PLFA
16:1w5 can be also found in bacteria (Frostegard et al., 2011). The
relative abundance of each PLFA (% of total PLFA C) was used to
compare microbial community composition among treatments. The
excess 3C recovered in each PLFA was determined by multiplying
the mass of PLFA C (ug C g dry soil™) and its atom % excess °C
(measured atom% 13C minus natural abundance atom% 13C). Natural
abundance of *3C in each PLFA was determined from unlabelled
samples.

2.7 | Highresolution imaging mass spectrometry

High-pressure frozen (HPF) root tissue sections were slowly freeze-
substituted, resin-embedded and sectioned to 350nm thickness.
Sections were mounted on flat Si wafers and gold coated (10nm)
before analysis on nanoSIMS 50L at the University of Western
Australia (Bougoure et al., 2014). The NanoSIMS-50L analysis was
done with a 16keV Cs*primary ion beam in multi-collection mode
and trolleys positioned to simultaneously detect the negative sec-
ondary ions €0, 180, 12C,, 13C, '2C, N, N and *'P. The mass spec-
trometer was tuned to high mass resolution of c. 10,000 (CAMECA
definition) to separate the *2C*°N from the **C**N peak on mass 27
allowing determination of N/¥N, 13¢/2C ratios and 80/%°0 ratios
as well as 3'P and secondary electron imaging (for identification of
cellular and sub-cellular structures). Prior to analysis, selected areas
of interest were sputtered (Cs*implanted) by rastering a defocused
primary ion beam (current density 2.5x 10**jons cm™) over a slightly
larger area to allow samples to reach sputtering equilibrium (60ms
pixel™). Generally, analysis was performed in a chained method to
allow ‘stitching together’ of many smaller images (30 pmz; 256 x256
pixels) to create a single larger image (e.g. Figure S5) of entire root
cross sections. This approach is useful for minimizing sample spot
bias and analysing co-occurring organisms.

A correction factor was applied to all NanoSIMS data to
make it directly comparable to isotope ratio mass spectrome-
try (IRMS) data. The correction factor was based on analysis of a
yeast (Saccharomyces cerevisiae) standard with known °>N/**N and
13¢/*2C abundance. Images were processed and analysed using the
OpenMIMS data analysis software plugin in ImageJ (https://github.
com/BWHCNI/OpenMIMS). Single images were stitched together
using nrrd mosaics script (available and described at https://github.
com/BWHCNI/OpenMIMS/wiki/nrrd-Mosaics). NanoSIMS imaging
was used to quantify °C and °N enrichment at the cellular level
within root cross sections. Isotope maps were interpreted in the
context of root anatomical features, including epidermis, cortex and
stele, as well as fungal structures such as arbuscules where visible.
Enrichment in the stele was interpreted as indicative of plant nitro-
gen uptake, while localized enrichment in cortical regions with AMF
structures suggested sites of nutrient exchange or carbon allocation
to symbionts.
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2.8 | Enzymatic activity measurements

Hydrolytic extracellular enzyme activities are a good proxy of the
potential of soil microbial communities to process soil organic matter
and thus of their functioning in soils (Sinsabaugh et al., 2008). These
enzymes can be related to the processing of organic molecules rich in
different key elements such as C, N, phosphorus (P) and sulphur (S).
Enzymes assayed in our study were: a-1,4-glucosidase (AG; starch deg-
radation), p-1,4-glucosidase (BG; starch degradation), p-xylosidase (XYL,;
hemicellulose degradation) and p-D-cellobiohydrolase (CBH; cellulose
degradation) for the C cycle; B-1,4-N-acetylglucosaminidase (NAG; chi-
tin degradation) and L-leucine aminopeptidase (LAP; protein degrada-
tion) for the N cycle; acid phosphatase (PHOS; P mineralization) for the
P cycle; and aryl-sulfatase (AS; S mineralization) for the S cycle. Soil en-
zyme activities were assessed fluorometrically following the methods
described in Bell et al. (2013). Briefly, assays were conducted by homog-
enizing 0.3g of rhizosphere soil for both P. dilatatum and C. dactylon in
30mL of 50mM sodium acetate buffer (pH6.5) for 1 min. The homog-
enized solutions were then added to a 96-deep-well (2mL) microplate.
Control replicates of soil slurry and 4-methylumbellfferone (MUB)
or 7-amino-4-methylcoumarin (MUC) standard curves of 0-100uM
were included in each sample. Soil slurries with fluorometric sub-
strates (Sigma-Aldrich: M9766 for AG, M3633 for BG, M7008 for XYL,
M6018 for CBH, M2133 for NAG, L2145 for LAP, M8883 for PHOS
and M7133 for AS) were then incubated for 1.5h at 35°C. Following
incubation, the supernatant solution was transferred into correspond-
ing wells in a black, flat-bottomed 96-well plate. The plates were then
scanned on a microplate fluorometer (2300, EnSpire® Multilabel
Reader, PerkinElmer, Boston, MA, USA) using an excitation wavelength
of 365nm and an emission wavelength of 450nm.

We analysed the nutrient acquisition strategies of the entire com-
munity by calculating the stoichiometric ratio of enzymes. The C:N:P:S
acquisition ratio is a key characteristic that describes the functions of
the soil microbial community, connecting environmental nutrient avail-
ability to the C:N:P:S stoichiometry of microbial biomass (Sinsabaugh
et al., 2008; Waring et al., 2014). We calculated stoichiometric ratios
of microbial acquisition strategies by dividing the natural logarithm of
enzymatic activities related to the C-cycle (BG, AG, XYL, CBH) by ei-
ther N cycle-related enzymes (NAG, LAP) or P cycle-related enzyme
(PHOS) or S cycle (AS) (Sinsabaugh et al., 2008; Waring et al., 2014).

2.9 | Statistical analyses

All statistical analyses were carried out with R version 3.6.3 (R Core
Team, 2020). All single variables were analysed with a linear mixed
effect model using the Ime function of the ‘nlme’ package (Pinheiro
etal.,2017). Each species x treatment combination included cores from
both JP and DG sites (minimum n=3 per site). Site, treatment (Control
vs. Drought) and plant group (dominant vs. subordinate) were used as
fixed factors to assess individual and interactive effects. Plot number
was used as a random factor. We checked for homogeneity of vari-
ances and normality of residuals by inspecting the plot of standardized

residuals versus predicted values, frequency histogram and QQ-plot
(Kozak & Piepho, 2018). When normality of residuals and/or homo-
geneity of variance was not met, variables were log-transformed. P-
values of the chosen model were generated using the function anova,
and the significance threshold was set to 0.05. Multivariate statistical
analysis for PLFA and enzyme data was carried out using the func-
tion adonis of the R package ‘vegan’ (Oksanen et al., 2013) to assess
individual and interactive effects of site, treatment and plant group.
Permutations were set at 999. Data were transformed into relative
abundance for PLFA and **C-enrichment in PLFA, whereas to account
for the different methods of measuring enzyme activities, data were
scaled to unit variance with the function ‘scale’.

Following amplicon sequencing, data handling and manipulation were
undertaken using the phyloseq package (McMurdie & Holmes, 2013).
Data were filtered by removing sequences matching ‘Mitochondria’,
‘Chloroplast’ and ‘Eukaryota’ from the archaeal and bacterial community,
and by removing ‘Protista’ and unknown domains from the fungal com-
munity. In order to minimize the inflation of rare ASVs in the commu-
nity analysis, we removed ASVs that had less than 10 reads in at least
2 samples per treatment (Straub et al., 2020). Rarefaction curves were
generated for all filtered samples. Appropriate subsample depth was es-
tablished by visual inspection of rarefaction curves to ensure adequate
sample depth (Figure S2). Some samples were excluded from the analysis
due to low sequencing depth (16S data set=6 samples excluded; ITS data
set=_8 samples excluded; Figure S2). This left 3799 ASVs in the 16S data-
set and 2615 ASVs in the ITS data set. The filtered ASV matrix was used
for all downstream analyses concerning amplicon sequencing data. Data
normalization for p-diversity analysis was carried out using the centred
log-ratio transformation. Multivariate statistical analysis was carried out
as described above for PLFA. Dataset streamlining was performed with
the R package ‘Prevalence Interval for Microbiome Evaluation’ (pime)
v0.1.0 (Roesch et al., 2020) that was used for selecting ASVs of optimal
prevalence among treatment levels for obtaining the lowest possible ran-
dom forest out of bag (OOB) error rates. An optimal prevalence cut-off
was selected as the percentage that retained at least 1/5 of the initial se-
quences and returned the lowest possible OOB error in the random for-
est run with the retained amplicon sequencing variants (ASVs). Following
this, differential abundance testing was performed using the reduced
dataset via the implementation of the ANCOM-BC2 v1.4.0 R package
main algorithm providing global (ANOVA-like) and pairwise comparisons
(t-test analogue) (Lin & Peddada, 2024), employing the Holm method for
multi-level and multiple hypothesis testing p-value adjustment. Plots
were generated using the ggplot2 package (Wickham, 2016).

3 | RESULTS

3.1 | Subordinate species increase C allocation
below-ground and N uptake

The chosen plant individual did not present any difference be-
tween species, drought or site in above-ground and below-ground
biomass, and root to shoot ratio (Figure S3; Table S2). Despite
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epidermis; S, stele).

similar accumulation of *3C in plant biomass across treatments
(Figure 2a; non-significant differences Table S2), we found consist-
ently higher **C accumulation in the rhizosphere soil of subordinate
species (C. dactylon) under drought (Figure 2b; species x drought:
p=0.032; Table S2). A similar result was found in bulk soil (Figure S2;
Table S2) without any increase in root to shoot ratio of measured e
(Figure S4; Table S2). Furthermore, the subordinate species showed
lower values of above-ground C:N ratio (Figure S3; Table S2).

Plant N uptake (**N incorporation) showed a significant effect
of species (Figure 2c¢; p=0.004) and a marginally (p-value between
0.05 and 0.1) significant species x drought interaction (p=0.06).
The NanoSIMS data support the IRMS data indicating higher °N
accumulation in the subordinate species with most of the *°N found
in the stele (Figure 2d). Transfer of 8¢ and N uptake in arbuscu-
lar mycorrhizae was also visualized via NanoSIMS images, although
only successfully obtained for the dominant plant species due to

insufficient image quality for the subordinate species samples
(Figure S5).

3.2 | Both plant species allocate similar amount of
C to arbuscular mycorrhizae

Mycorrhizal root colonization was significantly higher for the subordi-
nate species (Figure Séc; species: p<0.0001; Table S3), with arbuscules
being more abundant and increasing under drought for this species
only (Figure 3a; species x drought: p=0.005; Table S3). The 16:105
biomarker obtained from NLFA and PLFA was used as a signature for
AMF biomass and °C incorporation (Olsson & Lekberg, 2022), where
increased '°C in NLFA suggests enhanced production of AMF storage
organs or spores, whereas in PLFA, it indicates AMF growth stimula-
tion. We did not find any significant effect of species in either PLFA or

1Y) SUOHIPUOD PUB SWLS L 34} 89S *[920Z/E0/ET] UO A121q17T 8UIIUO AB]IA ‘UBHRLISUSSS I UBLSSIUIZIPS 8P 31LBPeN Y SUIS1ISZBMUOS Ad 68202 'SY22-GOET/TTTT OT/I0p/W0D 8|1 AReiqfoul U0 S PUINO 5aa/SANY WO} PAPROUMOQ '€ ‘920C 'Sh2ZS9ET

hojwA:

85USD11 SUOLILIOD aAEa1D a|gealdde ay) Aq pausenob aJe sapile YO ‘asn Jo sajni 1o AelqiT] auljuQ AS|IAA UO (SUOTIPUOD-pUe:



CANARINI ET AL.

8of15 BRIISH
Egﬁg}ggm Journal of Ecology

(a) DG [| JP
1 1 1
! Species < 0.0001
I
I Species x drought = 0.005
I 1
061 ! |
\U-; I 1
[0 1 1
= o
3 © l l
> I 1
o 04
5 S : ° g !
© 1 1
N 1 # 1
E 1 1
8 021 : % :
> 1 1
E I 1
I 1
I ]
I 1
0.04 1 |

Subordinate Dominant Subordinate Dominant

(b) DG [l JP
T 11 T
Site x drought = 0.03
I I
__ 600 I I
- 1 1
= I I
o
? l l
S) I I
3 400 ! ! Drought
E : : EX no
< | | Eﬂ yes
2I 1 @) 1
& 200 : :%
2 ° : o] =1 g
1 m 1
. l O l
04 1 1
1 1

Subordinate Dominant  Subordinate Dominant

FIGURE 3 Graph showing effects of drought, species and sites on (a) mycorrhizal arbuscules in roots (%) and (b) arbuscular mycorrhiza
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NLFA 16:1w5 biomarker. The NLFA arbuscular mycorrhizal biomarker
showed a site by treatment interaction (Figure 3b; p=0.032), and in
general, it displayed a higher increase in response to drought in the
subordinate species, although not significant. Its PLFA counterpart was
positively affected by drought (Figure Séb; Table S3). The amount of
3¢ present in the AMF biomarkers (PLFA and NLFA) showed no overall
significant effects (Figure Séc,d; Table S3).

3.3 | The active microbial community displays
small but consistent differences between drought and
species

Total amount of PLFA in bulk soil increased with drought
(Figure S7a; Table S4), whereas the total amount of *3C in PLFA
was not affected by drought, site or species identity (Figure S7b;
Table S4). The relative abundance of the main microbial groups
defined by PLFA was similar between treatments and sites
(Figure 4a). Drought increased most bacterial group absolute
abundances (Figure S7; Table S4). The 13C relative distribution was
clearly affected by drought (Figure 4b), with most groups decreas-
ing, except for fungi and general biomarkers (Figure S7; Table S4).
When individual PLFA biomarkers were used as a fingerprint for
community composition, we found an effect of site (Figure 4c;
p<0.001; R?=0.16; Table S5) and drought (p<0.001; R2=0.15)
on community composition, indicating that changes in community
composition at the PLFA level were not affected by species. The
13C in PLFA biomarkers was used in the same way to indicate com-
munity composition of the active (*3C consuming microbes) por-
tion of the soil microbial community. We found effects of drought
(Figure 4d; p<0.001; R%?=0.37; Table S5) and species (p=0.023;
R?=0.09), indicating that these two factors were the main regula-

tor of C partition within the soil microbial community.

The active microbial community analysed by DNA/RNA-SIP
(actively metabolizing 15N and °C) revealed similar composition
across treatments (Figure S8; Table S5). Statistical analysis re-
vealed that there were also no overall significant treatment effects
on gene copy numbers (qPCR; Figure S9). Differential abundance
analysis revealed differences only with the bacteria community.
We focused here on the family level, where the global test showed
group difference among 7 families (Table S6). Within these families,
pairwise tests showed significant results only for members of the
Rhizobiaceae, which were positively increased in the rhizosphere
of the subordinate species during drought conditions compared to
control conditions, and in the members of the Enterobacteriaceae
which were positively increased in the rhizosphere of the subor-
dinate compared to the control of the dominant species (Table Sé6;
Figure S10).

3.4 | Plant species modify acquisition strategies of
soil microbial communities

Soil processes measured by eight different enzyme activities
mainly differentiated by site, as revealed by PERMANQOVA analysis
(Figure 5a; p=0.014; R>=0.14; Table S7). We analysed the nutrient
acquisition strategies of the overall community, calculated as the
stoichiometric ratio for enzymes involved in the C, N, P and S cycles.
The acquisition ratio is an integral feature to describe soil microbial
community functions, linking environmental nutrient availability to
the stoichiometry of microbial biomass (Sinsabaugh et al., 2008;
Waring et al., 2014). We found that acquisition strategies were
mainly affected by drought (which decreased the C to nutrient ra-
tios) and by species (lower C to nutrient ratios in the dominant spe-
cies; Figure 5b-d; Table S7). We also found a significant site effect
for the enzyme C:N ratio (p=0.0005).
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FIGURE 4 Graphs showing effects of drought, species and sites on PLFA biomarkers. Top graphs show the relative distribution of
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4 | DISCUSSION

Recent evidence has demonstrated an important role of subordinate
plant species in regulating ecosystem functions during drought events,
via plant-soil microbe interactions (Mariotte et al., 2015, 2017). Since
an increase in the severity and frequency of drought events is pre-
dicted in many areas of the world (IPCC, 2023), understanding the

mechanisms behind the importance of subordinate species for eco-
system functioning under drought can improve our understanding of
climate change effects on ecosystems. Here, we show subordinate-
specific features of C allocation, N uptake and interaction with the soil
microbial community during drought, which could elucidate broader
community dynamics and ecosystem functions in response to drought
stress in grasslands, one of the most extensive biomes on Earth.
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of enzymatic activities of C:N (b), C:P (c) and C:S (d). Significant results are shown on top of the graphs (when p <0.05). Box centre line
represents median, box limits the upper and lower quartiles, whiskers the 1.5x interquartile range, while separated points represent outliers.

The subordinate species (C. dactylon) showed a larger C alloca-
tion to soil (rhizodeposition) compared to the dominant species (P.
dilatatum; Figure 2). While we found no previous studies examining
C allocation to soil by subordinate versus dominant species, rhizo-
deposition exerts an important influence on C and nutrient cycling
(Canarini et al., 2019), with grasslands showing a wide spectrum
of species-specific root exudate strategies (Williams et al., 2021).
Drought can modulate root exudate quality and quantities, with
species-specific responses (Canarini, Merchant, & Dijkstra, 2016)
and this can alter ecosystem C cycling. de Vries et al. (2019) found
higher soil respiration rates from root exudates collected from
plants subjected to drought compared to those collected from
non-droughted plants. Therefore, it was suggested that root exu-
dates have important consequences for ecosystem functions during
drought (Williams & de Vries, 2020) and that accumulation of C
during drought facilitates high microbial activity during rewetting
events (Karlowsky et al., 2018). In this experiment, °C respiration
was not quantified and therefore the increased 13¢Cin soil might be
due to different C utilization by the soil microbial communities under
the subordinate and dominant species. However, measurement of
total, as well as group-specific, 13C incorporation into microbial bio-
mass did not show significant differences between the two species
(Figure S7), indicating similar uptake rates of recently photosynthe-
sized C by soil microorganisms.

Despite changes in C allocation below-ground depending on
drought and species identity, the active rhizosphere microbial
community utilizing N and C was not affected by species identity
or drought treatment (Figure S8). However, we found evidence
for small, but consistent changes in the pattern of *3C allocation
to different fatty acid biomarkers caused by drought and species
(Figure 4), as well as a few changes in specific bacterial families
(Figure S10; Table Sé), such as Enterobacteriaceae and Rhizobiaceae.

Although not all the pairwise comparison were significantly different
and these results should be interpreted with caution, the first fam-
ily includes taxa that are common drought-tolerant plant growth-
promoting rhizobacteria (Ahmed et al., 2021; Arora & Jha, 2023;
Naveed et al., 2014). The second is a common N-fixing bacteria
including both symbiotic nitrogen-fixers and free-living taxa, and
can promote growth and drought tolerance (Barquero et al., 2022;
Fahde et al., 2023). Furthermore, the nutrient acquisition strategies
of the soil microbial community under subordinate species shifted
to higher investments into acquisition of C-rich compounds, both
in drought and control conditions (Figure 5). Recent studies have
shown that soil microbial communities subjected to long-term
drought shift allocation towards C-obtaining enzymes, over N and
P (Asensio et al., 2021; Canarini et al., 2021). Thus, overall, our re-
sults indicate that subordinate species may foster processes typical
of microbial communities previously exposed to drought. While our
pulse-labelling approach only represents a snapshot of time dynam-
ics, we reveal small but consistent patterns in rhizodeposition and
knock-on effects on the microbial community and its resource acqui-
sition strategies that might determine larger ecosystem responses
when integrated over longer time scales. Importantly, these strate-
gies were consistent across the two field experiments, despite the
differences in soil properties and soil microbial communities.

The dominant plant species not only had lower accumulation of rhi-
zodeposits below-ground, but also displayed higher C:N ratio in above-
ground biomass and lower soil N uptake rates, when compared to the
subordinate species. Hence, our results indicate two different strate-
gies between dominant and subordinate species. The dominant spe-
cies invests more C above-ground per unit of N, a feature that might
favour dominance when soil moisture and nutrients are available.
The subordinate species, on the other hand, invests more C below-
ground and obtains more N than the dominant species during drought,
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a feature that might allow greater resistance during drought periods
when nutrient mobility in soil becomes limited. This supports previ-
ous experiments showing that removal of subordinate species causes
a loss of ecosystem functioning (i.e. soil respiration) during drought
(Mariotte et al., 2015). We speculate that these two different strategies
contribute to plant community dynamics during drought (i.e. greater
biomass loss of dominant species favouring subordinate species) ob-
served in field experiments (Mariotte, 2014; Mariotte et al., 2017,
Mariotte, Vandenberghe, Kardol, et al., 2013). However, our experi-
ment only analysed two individual species and in order to generalize
these findings more research is needed. In addition, our results reveal
that, under drought stress, the subordinate species C. dactylon was
able to strengthen its association with arbuscular mycorrhizal fungi,
as evidenced by higher colonization rates and arbuscule formation
compared to the dominant species (Figure 3), which support previous
findings (Mariotte et al., 2017). Interestingly, the level of C supply to ar-
buscular mycorrhizal fungi was not different between the two species.
Thus, our results indicate that subordinate species can acquire more
N with the same investment of C to mycorrhizae, compared to the
dominant species, possibly suggesting a lower C to N cost. Evidence
that the nutrient cost-to-benefit ratio in arbuscular mycorrhizal as-
sociations varies among different host plant species is accumulating
(Wipf et al., 2019). These differences are found even within varieties of
the same species, as shown for wheat (Thirkell et al., 2020). However,
while NanoSIMS images show that the mycorrhizal pathway was used
to deliver N and obtain C (Figure S5) within roots (image obtained only
for the dominant plant species), our results cannot quantitatively dif-
ferentiate between N uptake pathways (direct or mycorrhizal), and fur-
ther evidence is necessary to support these conclusions. The absence
of NanoSIMS data for C. dactylon, also restrict our ability to confirm
AMF-mediated nutrient dynamics across species.

Lastly, under control conditions, the subordinate species exhib-
ited high values of photosynthesized C and N uptake, and C transfer
to the microbial community, similar to the dominant species. The fact
that subordinate species performed similarly to the dominant species
was surprising, given the difference in dominance that these two spe-
cies attain within natural communities. However, a recent experiment
has shown that when grown in isolation these two species can per-
form similarly in well-watered conditions, whereas P. dilatatum shoot
and root biomass were more strongly affected by drought (Barnett
et al., 2018). Furthermore, subordinate species have shown increased
competitive ability when root competition is removed (Mariotte
et al., 2012). Our experiment, by isolating the two species, allowed us
to study species-specific interactions with the soil biota, but simulta-
neously released competition dynamics between dominant and sub-
ordinate species. In field conditions, dominant species might quickly
build up a higher amount of biomass by investing more C per unit of
N and increase their competitive ability (in terms of light). Therefore,
our subordinate control treatment likely experienced conditions that
do not resemble natural scenarios (Mariotte et al., 2017).

In conclusion, we found that the subordinate species increased
C allocation below-ground and N uptake in response to drought,
compared to the dominant species. This translated into small but
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consistent effects on the active soil microbial community, as well as
changes in the allocation of enzyme for soil C acquisition relative to
nutrients. Therefore, our results suggest that the subordinate spe-
cies achieves higher drought resistance in biomass and soil functions
via increased below-ground activity. Research on relating relative
species abundance to functional traits is still lacking, reducing our
ability to predict larger ecosystem responses to climate change, such
as community change and soil C emissions. While our study only in-
cluded two species, the data presented here provide a basis to ex-
plain the underlying mechanisms behind the response of grassland
communities and their C cycling to drought.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. Mean above-ground biomass (gm?) of dominant and
subordinate species in control and drought plots at the DG and JP
sites calculated from biomass sorting at the species-group level in
2015.

Figure S2. Rarefaction curves obtained for the 16S rRNA and ITS
datasets.

Figure S3. Graph showing effects of drought, species and sites on
(a) below-ground and (b) above-ground biomass (mg pot™), (c) root:
shoot biomass ratio and (d) shoot C:N ratio.

Figure S4. Graph showing effects of drought, species and sites on (a)
bulk soil 1*C (mg e g'1 dm) and (b) root: shoot ratio of *3C amounts
excess.

Figure S5. Paspalum dilatatum (dominant; non-drought) root cross
section from plant labelled with **CO, and **N-NH,/NO, showing
an obvious fungal arbuscule structure within a single root cortical
cell.

Figure S6. Graph showing effects of drought, species and sites on
(a) mycorrhizal root colonization (%); (b) arbuscular mycorrhiza PLFA
biomarker (nmolC g soil™); (c) **C in the arbuscular mycorrhiza NLFA
biomarker (nmol *3C g soil™) and (d) **C in the arbuscular mycorrhiza
PLFA biomarker (nmol *3C g soil™).

Figure S7. Graph showing effects of drought, species and sites on
taxonomic groups, grouped using PLFA biomarker.

Figure S8. Graphs showing effects of drought, species and sites from
the RNA-SIP dataset.

Figure S9. Graph showing effects of drought, species and sites on
gene copy numbers obtained by gPCR for: (a) 16S dataset and (b)
ITS dataset.

Figure S10. Graph showing effects of drought, species and sites on
read counts normalized by gene copy numbers of the 165 (g™ dry
soil) from gqPCR (Figure S7).

Table S1. Climate, soil properties (top 10cm) and list of the dominant
and subordinate species of the two sites.

Table S2. Statistical analysis results of plant and soil variables.

Table S3. Statistical analyses on arbuscular mycorrhizal data. Hyphal
and arbuscules colonization rates are expressed in % (as explained

in Section 2).
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Table S4. Statistical analyses of other microbial groups (PLFA).
Table S5. Multivariate statistical analyses (PERMANOVA) performed
with the function adonis of the R package ‘vegan’, as described in
Section 2.

Table S6. ANCOM-BC2 results from the pairwise and global analysis
(last column) on the data obtained via RNA-SIP analysis.

Table S7. Statistical analyses of the stoichiometric ratio of enzyme

activities.
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