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Abstract

Enhanced rock weathering (ERW) has been proposed as a measure to enhance the car-
bon (C)-sequestration potential and fertility of soils. The effects of this practice on the
soil phosphorus (P) pools and the general mechanisms affecting microbial P cycling,
as well as plant P uptake are not well understood. Here, the impact of ERW on soil P
availability and microbial P cycling functional groups and root P-acquisition traits were
explored through a 2-year wollastonite field addition experiment in a tropical rubber
plantation. The results show that ERW significantly increased soil microbial carbon-
use efficiency and total P concentrations and indirectly increased soil P availability
by enhancing organic P mobilization and mineralization of rhizosheath carboxylates
and phosphatase, respectively. Also, ERW stimulated the activities of P-solubilizing
(gcd, ppa and ppx) and mineralizing enzymes (phoADN and phnAPHLFXIM), thus con-
tributing to the inorganic P solubilization and organic P mineralization. Accompanying
the increase in soil P availability, the P-acquisition strategy of the rubber fine roots
changed from do-it-yourself acquisition by roots to dependence on mycorrhizal col-
laboration and the release of root exudates. In addition, the direct effects of ERW
on root P-acquisition traits (such as root diameter, specific root length, and mycor-
rhizal colonization rate) may also be related to changes in the pattern of belowground
carbon investments in plants. Our study provides a new insight that ERW increases
carbon-sequestration potential and P availability in tropical forests and profoundly

affects belowground plant resource-use strategies.
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1 | INTRODUCTION

Climate warming is one of the main environmental challenges currently
impacting humanity, and it is inextricably linked to the increasing con-
centration of carbon dioxide (CO,) in the atmosphere (IPCC, 2018).
Recently, scientists have proposed a series of technologies to ab-
sorb atmospheric CO, to mitigate negative effects of global warming
(Beerling et al., 2018, 2020). Observations by Beerling et al. (2020)
suggest that enhanced rock weathering (ERW) can effectively remove
CO, from the atmosphere and store it in the soil. Specifically, ERW is
achieved by adding powdered silicate rock (e.g., wollastonite, basalt,
and olivine) to the soil surface, where silicate particles react chemically
with dissolved CO, to form bicarbonate ions (Smith et al., 2016, 2019).
These ions can be transported by rivers to the ocean, where they have
the potential to be stored for thousands of years or longer, depend-
ing on the calcium carbonate sedimentation process (Pefia-Ramirez
et al., 2009; Renforth & Henderson, 2017). To date, ERW practices
have been used mainly in agriculture, less in forestry, and occasion-
ally in natural ecosystems and ecosystems undergoing restoration
(Beerling et al., 2018; Haque et al., 2019).

In tropical or subtropical forests, low availability of rock-derived
nutrients like phosphorus (P) (Du et al., 2020; Vitousek et al., 2010)
may constrains the positive effects of elevated CO, on tree biomass
production (Terrer et al., 2019) and may affect microbial processes
in the soil (Hou et al., 2018). It can affect both above- and below-
ground carbon (C)-sequestration potential. He et al. (2023) reported
a strongly negative correlation between microbial C-use efficiency
(CUE) and microbial metabolic P restriction, which was particularly
pronounced in temperate grassland ecosystems. The microbial CUE
is also a major driver of soil organic carbon (SOC) variation globally
with higher CUE leading to potentially higher SOC (Tao et al., 2023).
Therefore, microbial CUE and its C-sequestration effects are inex-
tricably linked to soil P pools. On the other hand, ERW can affect
the P availability to plants and soil microbes by releasing P contained
in the added minerals, changes in soil pH, microbial CUE, and phos-
phatase activity. Modeling studies suggest a significant P-mediated
effect of ERW (Goll et al., 2021), but it remains to be tested in field
trials. Thus, there is a fundamental question: can ERW increase soil P
availability by enhancing soil microbial CUE? Clear evidence for this
is currently lacking.

Biochemical transformations between soil inorganic and organic
P fractions strongly influence P availability and plant P uptake in P-
impoverished areas. These transformations include weathering, min-
eralization, sorption, and solubilization processes (Hou et al., 2016,
2018; Vitousek et al., 2010). Phosphorus in the soil solution,
which occurs in very low concentrations (<10uM; Lambers, 2022;
Parfitt, 1979), is the only source of soil P that is readily available
to plants, and the replenishment of other components (especially

moderately-soluble P) becomes particularly important when it is
depleted (Lambers, 2022). By clarifying the soil P components and
the microbial transformation processes (e.g., organic P mineraliza-
tion and inorganic P solubilization and adsorption, etc.) among these
fractions, it contributes to our understanding of the dynamics of
the soil P pool and its availability in time (Dai et al., 2019). A typi-
cal gene involved in solubilizing inorganic P is the gene (gcd) cod-
ing for quinoprotein glucose dehydrogenase. It directly governs the
oxidation pathway of glucose and acidification of the periplasmic
space (Elias et al., 2001). In addition, microorganisms containing
genes coding for enzymes, such as alkaline phosphatase (phoD and
phoA), phytase (appA), and C-P lyases (phn), have a high capacities
to mineralize organic P compounds in soil (Rodriguez et al., 2006).
Therefore, by linking soil microbial CUE with P-pool transformation
and its underpinning microbial processes, we can clarify how ERW
further affects soil P pool dynamics and its availability by enhancing
soil C sequestration.

Phosphorus uptake by plant roots and root acquisition strate-
gies are normally characterized by using root P-acquisition traits (Bi
et al., 2023). These traits typically include mycorrhizal colonization
rate, specific root length (SRL), root diameter (RD) and rhizosheath
phosphatases and carboxylates. Apart from the active uptake
of inorganic P by fine roots and hyphae of mycorrhizal fungi, the
mobilization and mineralization of organic P by carboxylates and
phosphatases secreted by the roots is the most efficient way for
plants to acquire P (Lambers, 2022). In fact, at very low P availability,
the arbuscular mycorrhizal symbiosis is typically suppressed (Abbott
et al., 1984; Treseder & Allen, 2002). Further evidence supports the
contention that P-mining strategies may be more effective than P-
scavenging strategies at extremely low soil P availabilities (Lambers,
Clode, et al., 2015; Lambers, Hayes, et al., 2015; Parfitt, 1979). The
first axis of the recently proposed multidimensional root economic
space framework more explicitly classifies root P-acquisition strat-
egies into “do-it-yourself” (allocating carbon to fine roots, with low
RD and high SRL) and “outsourcing” (allocating C to mycorrhizal
partners with high RD and mycorrhizal colonization rate) (Bergmann
et al., 2020). Currently, although studies have incorporated rhi-
zosheath phosphatase and carboxylate (or foliar manganese), as well
as the aforementioned root P-acquisition traits, into this multidi-
mensional root economic space framework (Han et al., 2022; Wen
et al., 2019, 2022), the potential impact of ERW on the P-acquisition
strategies of plant roots is not well understood.

Considering the above uncertainties, we conducted a 2-year
field experiment of silicate rock (wollastonite in this study) addition
in a tropical rubber (Hevea brasiliensis) plantation in southwest China.
We tested the following hypotheses: (1) ERW would enhance soil
microbial CUE and C sequestration; (2) ERW would increase soil total
P concentrations by releasing P contained in the added minerals, and
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enhance P availability mainly based on indirect effects, i.e. by affect-
ing root P-acquisition traits (such as carboxylates and phosphatases
released by roots) and microbial P cycling (such as inorganic P solu-
bilization, organic P mineralization); (3) Silicon or other minerals in
ERW may enhance rubber growth (Abd Hadi et al., 2022) and thus
the demand for P beyond what scavenging fine roots can provide, so
the plant P-acquisition strategy shifts towards reliance on mycorrhi-

zal collaboration.

2 | MATERIALS AND METHODS
2.1 | Study sites and experimental design

The field experiment was conducted in the rubber plantation of
Xishuangbanna Botanical Garden, Chinese Academy of Sciences, lo-
cated in southwestern China (21°33’N, 101°28'E, 880-950ma.s.l.).
It has a typical tropical monsoon climate. The average annual tem-
perature is 21.9°C and the average annual precipitation is 1528 mm,
which mainly occurs during the growing season from May to October.
The rubber plantation was planted in 1994 and the planted area is
about 25ha. The soil type is classified as acidic Oxisol according to
the USDA soil taxonomy. The forest soil average pHy,o was 4.9, and
total P was 432.19 mgkg ™.

The silicate rock selected for this study was wollastonite due to
its high dissolution rate (Haque et al., 2019). The wollastonite min-
eral in this study was sourced from Diaobing Mountain, Liaoning,
China. To analyze the mineral composition of the crystallized phases
within, the rock was pre-ground and sieved to <90um, then spiked
with 20wt% Al,O; and manually ground finely in an agate mortar
in acetone before analysis via X-ray diffraction (XRD) and X-ray
Fluorescence (XRF). Powder XRD analysis was carried out with a
Malvern Panalytical Empyrean Series 3 diffractometer using CoKa
radiation. XRF analysis was carried out using a spectrometer based
on an Rh anode X-ray tube, with X-ray spectra detection through an
Amptek® X-123SDD complete spectrometer (Bedford, MA, USA).
Phase analysis by XRD showed that calcium metasilicate (CaSiOS,
69.4%) is the main mineral of the wollastonite, other mineral were
silicon dioxide (SiO,, 14.8%), Ca,Si,O,,(OH), (13.1%) and calcium
carbonate (CaCOj,, 2.6%). The main chemical composition of wol-
lastonite (molten state) by XRF analysis includes 30.36% calcium
(Ca), 24.29% silicon (Si), 10.08% manganese (Mn), 1.08% titanium
(Ti), 0.16% iron (Fe), 0.12% magnesium (Mg), 0.10% phosphorus (P)
and 0.08% sodium (Na).

In April 2021, a wollastonite-addition field experiment was
conducted in a rubber plantation based on a latin-square design
(Figure S1). There were nine sample plots (20mx20m for each plot)
and a 20m separation between each two plots. This experiment in-
cluded three wollastonite application rates: control (no wollastonite
addition, n=3), low wollastonite addition (2.5tha™, equivalent to
0.25kgm™2, n=3) and high wollastonite addition (5tha™, equivalent
to 0.5kgm’2, n=23). Wollastonite powder was uniformly sprayed
onto the forest floor once by means of broadcasting, whereas no
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substance was added to the control plots. Among these nine plots,
three plots were randomly selected as the control, low, and high
wollastonite addition plots, respectively. The wollastonite applica-
tion rates in this study were determined based on its CO, removal
mass and its application costs. These costs include the economic
costs of mining, crushing, and grinding wollastonite and applying
wollastonite on target area. On a regional scale (application area not
less than 2x 10°km?), an application rate of 0.1kgm™ can remove
about 0.2 Gt CO,, per year with an average cost of only US$79 per
t CO,. For the same application area, an application rate exceeding
0.5kg m~2 may approximately remove 0.8 Gt CO, (less than the ex-
pected value of 1Gt), but with an average cost exceeding US$500
per t CO,. Therefore, an application rate of about 0.01-0.50kg m2

may be the most cost-effective application option.

2.2 | Plant and soil sampling

In April 2023, plant and soil samples were collected from all nine
plots in the rubber plantation. For each plot, three individual rub-
ber trees were randomly selected. All of these individuals surveyed
have a diameter at breast height ranging from 28 to 32cm and a tree
height ranging from 18 to 22 m. We then investigated their root bio-
mass (see Section 3.4 for details). The fine roots were sampled using
the root-tracking method, i.e. by searching for the coarse roots of
the target stem and looking for the fine root branches growing along
the coarse roots (lversen, 2014; Pregitzer et al., 2002). The fine roots
were carefully removed in a 0-20cm soil profile and gently shaken
and used to collect the loosely adhering soil around the root system
(considered as bulk soil) and the soil tightly adhering to the surface
of the fine roots (<5mm) was considered as rhizosheath soil. Thus,
three rhizosheath soils, three bulk soils, and three root samples
were obtained in each plot, respectively. Soil samples were divided
into two parts: one part was used for the determination of routine
physicochemical properties and the other part was stored frozen
(-80°C) for DNA extraction. Soil samples for DNA extraction were
obtained by thoroughly mixing of three rhizosheath or bulk soil sam-
ples from each plot, respectively (=9 for rhizosheath and bulk soils,
respectively). Simultaneously, 8-10 pieces of intact mature leaves
were taken from each individual. The leaves samples were rinsed
with deionised water, and dried in an oven at 85°C until constant
weight, then the samples were ground in a grinder and finally passed
through a 100-mesh sieve. In addition, the collected root samples
were divided into two parts: one part was used for determination of
root morphology and root nutrients, and the second was stored fro-
zen (-20°C) for determination of mycorrhizal colonization rate and
root phosphatase activity.

2.3 | Psequential fraction

The chemical composition (i.e. fraction) of soil P can be divided
into inorganic P (P)), organic P (P ), secondary and mineral P, and
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occluded P according to P availability (Dai et al., 2019). To sequen-
tially extract the chemically specified P fractions in soil and their
utilization efficiency, we adopted Hedley's sequential extraction
scheme (Hedley et al., 1982), acknowledging the pitfalls associ-
ated with this method (Barrow et al., 2021). Briefly, 0.5g of soil
sample was first extracted using anion exchange resin to obtain
resin-P, followed by taking 0.5M NaHCO, to obtain NaHCO;-P,
and NaHCO;-P_, then ultrasonicated using 0.1 M NaOH to extract
NaOH-P; and NaOH-P_, and finally extracted using 1M HCI to
obtain HCl,-P. After centrifugation and filtration, the superna-
tant was divided into two groups, and the soil was digested with
10mL of concentrated HCI for 10 min at 80°C to extract HCI
and HCl_,
of concentrated H,SO, and P-free H,0, at 360°C to extract re-
sidual P. These P fractions were further classified into five P
pools: plant-available P (resin-P and NaHCO,-P)), P, (NaHCO,-P
and NaOH-P ), secondary mineral P (NaOH-P)), primary mineral P
(HCl;,-P)), and occluded P (HClconc-P,, HClconc-P,, and residual
P) (Figure S2).

conc-Pi

-P,. Finally, the residual soil was digested with 10mL

2.4 | P-acquisition traits

The Sequential soil-coring method was used to estimate fine root
biomass (Li et al., 2020). Specifically, four soil cores at a depth of
10cm were collected from each plot using a soil auger (inner di-
ameter 5cm). The living fine roots were picked from the auger and
washed with distilled water, dried at 65°C for 72 h and weighed. Fine
root biomass was calculated as the mean value of fine root biomass
for each treatment of each plot.

Rinsed fine roots were morphologically scanned using a root
scanner (400dpi resolution, DS-6500; Seiko Epson, Nagano, Japan),
and total root length, total root surface area, total root volume, RD,
and root tip number were measured using the WinRHIZOPro root
analysis program (v.2004a; Regent Instruments, Inc., Québec City,
QC, Canada). Finally, fine roots were dried to constant weight to
obtain root dry mass. SRL was obtained by dividing the total root
length by the root dry mass. Specific root surface area (SRA) was
obtained by dividing the total root surface area by the root dry mass,
and root tissue density (RTD) was obtained by dividing the root dry
mass by the total root volume Root branching intensity was obtained
by dividing the number of root tips by the total root length.

Mycorrhizal colonization rate was observed by acidic magenta
combined with microscopic observation (Trouvelot & Kough, 1986).
The rinsed fine roots were cut into 1 cm root segments (about 20-30
segments), immersed in 10% (w/v) KOH solution and kept in a water
bath at 85°C for 50min. The alkaline solution was rinsed and acidi-
fied by adding 2% (v/v) HCI solution for 5min, followed by addition
of 0.05% trillium blue stain and water bath at 90°C for 30min. The
stain was rinsed and decolored with 1.8 mL glycerol lactate solution.
Finally, all root segments were placed under a 10 x 20 dissecting mi-
croscope for observation of mycorrhizal colonization rate the using
grid line intersection technique (Trouvelot & Kough, 1986).

In our study, root phosphomonoesterase activity (RPA, EC
3.1.3.1) was used to represent the activity of root phosphatases,
because it is the predominant phosphatase synthesized by plants
and microbes (Turner, 2008). RPA was determined using umbellif-
eron (MUB) as substrate. Briefly, 1g of fresh root sample was taken
and extracted with 125mL of acetate buffer for RPA. The mixture
was stirred with a magnetic stirrer for 5min and then left to stand
for 30min. 0.2mL of supernatant was taken in a 96 microtiter plate
and the substrate was added, then the microtiter plate was incu-
bated at a constant temperature of 20°C for 4h. Finally, we mea-
sured the amount of fluorescence at 360nm excitation and 460nm
emission using a multifunctional enzyme marker (Synergy 2; Biotek,
Winooski, VT, USA). Afterwards, root samples were dried at 65°C
until a constant weight was reached. The unit of RPA was expressed
in pmolg’1 min~.

Manganese concentration ([Mn]) in mature leaves can be
used as an easily measurable proxy for the assessment of below-
ground carboxylate-releasing processes in plants grown under low
P (Lambers, 2022; Lambers, Clode, et al., 2015; Lambers, Hayes,
et al., 2015; Pang et al., 2018). Specifically, 100 mg of milled leaves
were digested using a hot concentrated nitric-perchloric (3:1) acid
mixture. Leaf [Mn] concentrations were determined by an induc-
tively coupled plasma optical emission spectrometer model 5300DV
(Perkin Elmer, Shelton, CT, USA).

Root total C and nitrogen (N) concentrations were determined
using an automated elemental analyzer (Vario EL lll; Elementar,
Hanau, Germany). Root total P concentration was digested by

H,SO,-H,0,, and then determined by a Mo-Sb colorimetric method.

2.5 | Soil microbial CUE

Microbial CUE was assessed using the updated biogeochemi-
cal equilibrium model (Cui et al., 2021; Sinsabaugh & Follstad
Shah, 2012). We determined the relevant soil parameters required
in this model, i.e. dissolved nutrients (dissolved organic carbon
[DOC], dissolved organic N [DON], available P [Olsen P], microbial
biomass C [MBC], N, and P) and enzyme activities involved in the
C (B-1,4-glucosidase [BG] and B-p-cellobiosidase [CHB]), N (-1,4-N-
acetylglucosaminidase [NAG] and L-leucine aminopeptidase [LAP]),
P (acid phosphatase [AP]) cycling. Methods for the determination of
these parameters can be found in Bi et al. (2022) and Cui et al. (2021).

CUE = CUEmax X {(SC:N ><SC:N)/[(KC:N +SC:N) X (KC:P+SC:P)] }0-5 (1)
Sen = (1/EEAcy) X (Ben X Len) (2)

Sen = (1/EEAcp) X (Bep X Lep) @)

where S and S, is a scaler that represents the extent to which the
allocation of extracellular enzyme activities (EEA) offsets the dispar-
ity between the elemental composition of available resources and the
composition of microbial biomass (Sinsabaugh et al., 2016). EEA.
was calculated as (BG+CBH)/(NAG+LAP), and EEA., was calculated
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as (BG+CBH)/AP. Molar C:X ratios of labile substrate were used as
estimates of L., and L., Labile substrate availability for C, N and P
was measured as the quantity of DOC, DON and Olsen P. Moreover,
Ke.n @nd Ke.p» which are half-saturation constants for CUE based on C,
N, and P availability, were assumed to be 0.5 (Sinsabaugh & Follstad
Shah, 2012). The value of CUE,, was assigned as 0.6, which is the
upper limit for microbial growth efficiency based on thermodynamic

constraints (Sinsabaugh et al., 2016).

2.6 | DNA extraction and metagenomic analysis

Metagenomic DNA extraction and Shotgun sequencing were per-
formed using the DNA Kit (D5625-01; OMEGA, USA). Total mi-
crobial genomes from 18 DNA samples were extracted and stored
frozen prior to further assessment. The quantity and quality of
extracted DNA were measured using a NanoDrop ND-1000 spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and
agarose gel electrophoresis, respectively. Metagenomic shotgun
sequencing libraries with an insert size of 400bp were constructed
using the Illumina TruSeq Nano DNA LT Library Preparation Kit. Each
library was sequenced on an lllumina HiSeq X-ten platform (lllumina,
USA) using the PE150 strategy at Personal Biotechnology Co.
Metagenomic sequence data were uploaded to the NCBI Sequence
Read Archive database (accession number: PRINA1072228). All
genes in each sample were functionally annotated and classified by
comparison with the KEGG Ontology numbers. Combined with pre-
vious studies (Dai et al., 2019; Lu et al., 2022), the genes involved
in the P cycle (37 genes were extracted in this study) were mainly
involved in four processes: P-starvation response, P transformation,

organic P mineralization, and inorganic P solubilization (Table S1).

2.7 | Statistical analyses

Prior to subsequent statistics, we firstly averaged measure values
of the three (rhizosheath and bulk) soils properties and plant traits
for each plot respectively, thus n=3 for each treatment. To investi-
gate the effect of ERW and location (rhizosheath and bulk soil) on
soil C (SOC, DOC, MBC), microbial CUE, P fractions and microbial
P-cycling functional genes, a linear mixed-effects model was applied
using Imer function of “Ime4” package. In this model, the rows and
columns of latin-square blocking were used as random effects, and
the wollastonite application rate, location, and their interactions
were considered as fixed effects. For the root functional traits (e.g.
fine root biomass, RD, SRL and RPA, etc.), the rows and columns
of latin-square blocking were also used as random effects, and the
wollastonite application rate was considered as a fixed effect. We
set wollastonite application rate as a categorical variable (High, low
and control). Differences among three application rate treatments
or between rhizosheath and bulk soils were tested using the “em-
means” package. Differences among different treatments in the soil
C, microbial CUE, P fractions, root functional traits, and microbial
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P-cycling functional genes were visualized using the “sjPlot” pack-
age. Principal component analysis (PCA) was applied to visualize the
coordination of root functional traits to determine the expression of
P-acquisition traits such as RPA, leaf [Mn] and the distribution of all
samples in the root economics spectrum and used to downscale the
five soil P fractions and represent the soil P availability by the first
component (PC1). PCA was performed using the prcomp function in
the “factoextra” package. Spearman's correlation analysis was used
to determine the correlation between root P-acquisition traits, the
visualization of the correlation heatmaps was implemented using
the package of “corrplot”. Mantel tests were performed to identify
correlations among the rhizosheath P availability and microbial CUE,
root P-acquisition traits and P-cycling functional genes under ERW
condition by using packages of “linkET” and “dplyr”. The main pre-
dictors for P availability were identified by random forest analysis
using package of “randomForest”. In this model, soil edaphic factors,
root P-acquisition traits, P-cycling functional genes and CUE served
as predictors for P availability. The ranking method was based on
the percentage increase in mean square error. Finally, a partial least
squares pathway modeling (PLS-PM) was performed to determine
the indirect and/or direct effects on P availability among the wol-
lastonite additions, soil edaphic factors, root P-acquisition traits,
P-cycling functional genes and microbial CUE using the package
of “plspm” (Sanchez et al., 2013). All statistical analyses were per-

formed in software R (version 4.1.1).

3 | RESULTS

3.1 | ERW effects on soil edaphic factors, microbial
CUE, and fine root biomass

Compared with the control, wollastonite application increased SOC
concentrations; the effect on rhizosheath SOC was significant at low
application, and on bulk SOC at high application (Figure 1; Tables S2
and S3). Soil dissolved organic C and microbial biomass C concentra-
tions at high wollastonite treatment were higher than those in control
in both rhizosheath and bulk soil, and microbial biomass C concen-
trations in particular were increased by at least 80% compared with
the control. In addition, wollastonite addition significantly increased
soil microbial CUE in the rhizosheath soil, and the fine root biomass
with wollastonite addition was significantly greater than that of the

control (Figure 1e).

3.2 | ERW effects on soil P fraction

Soil Pavailability of the rubber plantation was significantly enhanced
by wollastonite addition (Figure 2; Tables S4 and S5). Specifically,
available P and secondary mineral P concentrations gradually in-
creased with wollastonite addition in both rhizosheath and bulk soil
(Figure 2a,c), while the opposite was true for primary mineral P con-
centrations (Figure 2d). Soil P_ and occluded P concentrations with
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FIGURE 1 The comparisons of soil microbial carbon-use efficiency (a), organic carbon (b), dissolved organic carbon (c), microbial biomass
carbon (d) in the rhizosheath and bulk soil, and fine root biomass (e) across the different wollastonite application rates by a linear mixed-
effects model. Values and 95% confidence intervals in the figure are derived from a contrast analysis of the model represented in Table S2.
Asterisks represent significant differences among wollastonite application treatments in the rhizosheath or bulk soil. Control referred to

no wollastonite addition (Okg m~2, n=3); Low referred to low wollastonite application (0.25kg m2, n=3); High referred to high wollastonite

application (0.50kg m2,n=3).% p <.05; **, p <.01; ***, p <.001.

high wollastonite addition were significantly greater than those of
the control, whereas we found no significant effect in the rhizos-
heath soil (Figure 2b,e). In both rhizosheath and bulk soils, total P
concentrations with high wollastonite addition were significantly
greater than those of the control (Figure 2f; Table S4).

3.3 | ERW effects on P-acquisition traits

Root P-acquisition traits responded differently to wollastonite ad-
dition (Figure 3). Specifically, root phosphomonoesterase activities,
leaf [Mn] and RTD were significantly lower in the control than in the
wollastonite treatments (p<.01). In contrast, the greatest SRL and
root total N concentrations were observed in the control (Figure 3a;
Tables S6 and S7). The PCA showed a multidimensional root econom-
ics spectrum across three concentrations of wollastonite addition
(Figure 3b; Table S8). The samples from the control were generally
distributed on the “Do-it-yourself” side of the first axis and the “Fast”
side of the second axis, suggesting that rubber trees without wol-
lastonite addition tended to absorb P more through the fine roots,
rather than symbioses (with higher SRL and area). The samples from
greater wollastonite addition treatments mainly distributed on the
“Outsourcing” side of the first axis, and there was a strong positive

correlation between mycorrhizal colonization and leaf [Mn] and RPA
(Figure 3c), suggesting that rubber trees not only relied on the cooper-
ation with mycorrhizal fungi, but also on root exudates (i.e. enhancing
the mobilization and mineralization of P ) for P uptake. These results
imply that wollastonite addition altered the P-acquisition strategy of
rubber roots, i.e. from do-it-yourself P uptake by fine roots towards

acquisition via mycorrhizal partners and root exudates.

3.4 | ERW effects on P-cycling functional microbes

A total of 37 functional genes involved in P, solubilization, P, miner-
alization, P transport and regulation were detected in the metagen-
omes, which we used to determine the mechanisms of the microbial
involvement in soil P cycling. The results showed a greater abun-
dance of functional genes involved in microbial P, solubilization and
P transport (Figure 4). Three key genes (ppa, ppx, gcd) involved in P,
solubilization were more abundant in both rhizosheath and bulk soils
with wollastonite addition (p<.05). Most of the P_ mineralization
genes (e.g., appA, phoADN, phnAPHLFXIM) and P transport genes
(ugpABCE and phnCDE) in the rhizosheath soil were more abundant
at the high wollastonite treatment than in the control (Table S9). The
abundance of genes involved in P cycling with wollastonite addition,
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FIGURE 2 The comparisons of soil P fractions (mgkg™) across the different wollastonite application rates in the rhizosheath and

bulk soils by a linear mixed-effects model. (a) Available P, (b) Organic P, (c) Secondary mineral P, (d) Primary mineral P, (€) Occluded P and

(f) Total P. Values and 95% confidence intervals in the figure are derived from a contrast analysis of the model represented in Table S4.
Asterisks represent significant differences among wollastonite application treatments in the rhizosheath or bulk soil. Control referred to
no wollastonite addition (Okgm™2, n=3); Low referred to low wollastonite application (0.25kgm™2, n=3); High referred to high wollastonite

application (0.50kgm™, n=3). * p < .05; **, p < .01; *** p < .001.

except for P-starvation response genes, were more abundant than

those of the control in the rhizosheath soil (Figure 4).

3.5 | Factors driving P availability

Except for occluded soil P, the other four P fractions showed strong
associations with root P-acquisition traits, P-cycling functional
genes and microbial CUE (Figure 5a). For example, strong correla-
tions existed between available P and P-acquisition traits (such as
RP, RPA, [Mn] and RMC) and microbial P-cycling functional group
(such as genes involved in P, solubilization, P mineralization, and P
transport). Simultaneously, predictive models (explaining 68.7% of
the variation) suggested that the above factors were also the most
important drivers affecting P availability (Figure 5b). Furthermore,
PLS-PM analyses revealed that the ERW indirectly increased soil P
availability mainly by affecting root P-acquisition traits and micro-
bial P-cycling (Figure 5c). However, the effect of microbial CUE was
weakened in this model. These results suggest that ERW increased
soil P availability by enhancing the release of root exudates (carbox-
ylates and phosphomonoesterase), collaboration among root traits
(mycorrhizal colonization and SRL), and microbial P cycling (pro-
cesses of P, solubilization and P_ mineralization).

4 | DISCUSSION

Enhanced rock weathering measures are considered for CO,
removal with potential for additional organic C sequestration
potential (Beerling et al., 2020; Goll et al., 2021). An integrated
performance modeling approach assessed the large potential
for China and other three countries (India, the USA and Brazil)
to apply ERW to together remove 0.5-2 Gt of CO, per year by
2050, and China's projected increase in low-carbon energy
usage allows net CO, removal to rise by substantially reducing
secondary CO, emissions from logistical operations (Beerling
et al., 2020; Goll et al., 2021). It should be noted, however, that
China's 2022 CO, emissions of 15.684 Gt still strongly require
economic decarbonization policy interventions, rather than
relying solely on ERW. Further reports now emphasize the ef-
ficiency and potential of ERW for CO, removal, but how this ad-
dition affects soil functioning is poorly understood, especially
for plantations.

This study showed that ERW significantly increased soil micro-
bial CUE and total P concentration, and enhanced soil P availability
by enhancing mobilization and mineralization of plant rhizosheath
carboxylates and phosphatase for P, and soil microbial P cycling
such as P; solubilization and P_ mineralization. Second, with the
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FIGURE 3 Effects of wollastonite addition on root functional traits and phosphorus (P)-acquisition strategies of a rubber plantation.

(a) The comparisons of root P-acquisition traits across the different wollastonite application rates by a linear mixed-effects model. Values
and 95% confidence intervals in the figure are derived from a contrast analysis of the model represented in Table S6. Asterisks represent
significant differences among wollastonite application treatments in the rhizosheath or bulk soil. Control referred to no wollastonite addition
(Okg m~2, n=3); Low referred to low wollastonite application (0.25kg m>2 n=3); High referred to high wollastonite application (0.50kg m2,
n=3). (b) Principal component analysis was applied to visualize the coordination of root functional traits to determine the expression

of P-acquisition traits such as root phosphomonoesterase and the distribution of all samples in the root economics space. The first axis
(collaboration gradient) represents the shift from a “do-it-yourself” soil exploration strategy (higher SRL and SRA) to an “outsourcing”
resource strategy (higher mycorrhizal colonization and root diameter) of investing carbon (C) in mycorrhizal partners, and the second axis
(conservation gradient) represents the resource return on investment from slow (higher root tissue density, i.e. greater root construction
costs, with long-lived roots) to fast (higher root total nitrogen concentration, i.e. faster metabolic rates, with short life span). (c) Heatmap

of Spearman's correlations for root functional traits. Bl, branching intensity; [Mn], leaf manganese concentration; RC, root total carbon
concentration; RD, root diameter; RMC, mycorrhizal colonization rate; RN, root total nitrogen concentration; RP, root total phosphorus
concentration; RPA, root phosphomonoesterase activity; RTD, root tissue density; SRA, specific root surface area; SRL, specific root length.

* p<.05;* p<.01;,*** p <.001.

increase in soil total P concentration, the P-acquisition strategy of
the plant shifted from acquisition by fine roots to reliance on col-
laborative acquisition by mycorrhizal hyphae and root exudates. In
the context of rising global CO,, this study highlights that ERW can
indeed alter soil P availability in a tropical plantation with potential
for additional organic C sequestration in P-impoverished systems
(Figure 6).

4.1 | ERW enhanced soil C-sequestration potential
in tropical plantations

This study showed that the SOC concentrations were greater in
the high wollastonite addition, especially for the rhizosheath soils
(p<.05, Figure 1; Table S2). The significant increase in soil mi-
crobial CUE by ERW can be, to some extent, also an indication
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FIGURE 4 The comparisons of microbial functional genes abundance of the phosphorus (P) cycle across the different wollastonite
application rates (n=3 for each treatment) in the rhizosheath and bulk soil by a linear mixed-effects model. Values and 95% confidence
intervals in the figure are derived from a contrast analysis of the model represented in Table S9. According to the specific function of
these genes, they were classified as P-starvation response genes, P transformation, organic P mineralization and inorganic P solubilization.
The bottom right panel showed the comparisons among these four functional groups. Asterisks represent significant differences among
wollastonite application treatments in the rhizosheath or bulk soil. * p < .05; **, p < .01; ***, p < .001.

of increased soil C-sequestration potential (Hagerty et al., 2018;
Sinsabaugh et al., 2016; Tao et al., 2023). This is because higher
CUE values may indicate more efficient conversion of exogenous
C into microbial biomass, which equates to greater potential for
long-term C sequestration (Manzoni et al., 2012, 2017) and CUE
is a major driver of SOC variation, globally (Tao et al., 2023). An
experimental study demonstrated the effect of wollastonite on
microbial functioning by increasing nutrient access of microbes
connected to increasing soil pH, and silicon and P concentrations
(Yan et al., 2023). In fact, empirical data on the effect of silicate
addition on C sequestration in forest soils are still scarce, so this
study provides clear evidence that ERW enhanced C sequestration
in tropical plantation soils. In addition to the effects of enhanced
CUE on the biological conversion of soil C inputs into stable SOC,

powdered silicate rock addition can also affect soil C sequestra-
tion by influencing the amount and quality of belowground C in-
puts by plants and the physical stabilization of soil organic matter
(Paradelo et al., 2016).

4.2 | ERW indirectly enhanced soil P availability

Enhanced rock weathering had a positive effect on P availability
in the soil which was mainly mediated by plant roots and soil mi-
crobial processes (Figure 5b,c). Besides, ERW released P contained
in the added minerals, increasing the total P concentration of the
soil. The direct effects were mainly based on microbial functional
groups affecting soil P, mineralization and P, solubilization, and P
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analysis (random forest model) for predicting P availability (b). Blue rectangles represent significant predictors, while red rectangles
represent non-significant predictors; the ranking method was based on the percentage increases in mean square error. Here, P availability
refers to the first principal component (PC1) after down-scaling the soil P fraction through PCA. Partial least squares pathway modeling
(PLS-PM) was performed to determine the indirect and/or direct effects on P availability among enhanced rock weathering, soil carbon and
fine root biomass (FRB), microbial C-use efficiency (CUE), root P-acquisition traits and microbial P-cycling (c, d). In this model, the blue line
represents a positive effect between two variables, while the orange color represents a negative effect. Significant path coefficients are
marked with asterisks: *p <.05; **p <.01; ***p <.001. GOF, goodness-of-fit.

mobilization and mineralization by carboxylates and phosphatase
from plant rhizosheath. Our findings were similar to a modeling
study, i.e. ERW enhanced background P input and its availability by
several orders of magnitude (Goll et al., 2021). Changes in soil micro-
bial functional groups were associated with the addition of silicate
rock (Figure 4). In general, microbial taxa shifted towards taxa that
are better able to occupy new niches on mineral surfaces or ben-
efit from released nutrients (Reith et al., 2015). Powdered silicates
enhance microbial nitrification (Mersi et al., 1992), but reliable data
on P cycling were not available. The present study provides new
evidence that ERW increases the abundance of functional genes

involved in P, solubilization and P_ mineralization. The reason for
this may be that ERW provides microorganisms with more substrate
(i.e. C and P) by enhancing microbial CUE and SOC concentrations
and releasing P-contained minerals (Figures 1 and 2), stimulating the
efficiency of microbial P-cycling functional groups during P-pool
conversion and utilization. On the other hand, increased phospho-
monoesterase and carboxylates released by plant roots can effec-
tively mineralize and mobilize soil P to increase soil P availability
(Lambers, 2022; Wen et al., 2019). Thus, ERW could indeed have a
positive side-effect of improving P availability as suggested by mod-
eling in P-deprived environments (Goll et al., 2021).
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FIGURE 6 Schematic diagram of the effects of enhanced rock weathering on soil phosphorus (P) availability and plant P-acquisition
strategies. (a) The scenario when wollastonite was not added. In this case, plants rely more on the exploration of the soil matrix by fine
roots to acquire P, and therefore invest more carbon (C) in increasing specific root length and specific surface area. The root system is
characterized by fast turnover and short life span. The fine roots also acquire P by solubilizing and mineralizing soil inorganic P via root-
secreted carboxylates and phosphatases, respectively. However, efficiency of P acquisition through root exudates was significantly
enhanced by the addition of wollastonite. (b) The scenario when wollastonite was added. The basic principle is that the main component
of wollastonite (CaSiO,) reacts with CO, and water to form a CaCO, precipitate, which in turn can enhance C sequestration in the soil. As
a result, the soil organic C, dissolved organic C, and microbial biomass C increased to different degrees compared with the control, and
the efficiency of microbial C utilization was significantly enhanced. Second, the total soil P concentration increased due to the input of
P-containing minerals from wollastonite. In this case, the metabolism of P-cycling microorganisms was also gradually enhanced, as reflected
by the enhanced P-solubilizing (gcd, ppa and ppx) and mineralizing enzyme activities (phoADN and phnAPHLFXIM), which increased soil P
availability from the soil perspective. Third, as P concentrations increases, the plant P-acquisition strategy of the absorptive roots shifts
from reliance on fine roots for inorganic P to mycorrhizal collaboration for P acquisition and enhanced secretion of carboxylates and
phosphatases, thereby increasing soil P availability from the plant perspective.
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4.3 | Root P-acquisition strategies varied with ERW

Phosphorus acquisition by roots is generally via fine root uptake,
releases of root exudates or dependent on mycorrhizal collabora-
tion (Lambers, 2022). However, these acquisition modes are gener-
ally antagonistic and strongly dependent on soil P availability (Liu
et al., 2021). Incorporating root P-acquisition traits into a multidi-
mensional root economic spectrum allows for a clearer determina-
tion of the variation in P-acquisition strategies of absorptive roots
and their trade-offs (Bergmann et al., 2020; Bi et al., 2023; Han
et al,, 2022). Generally, species with fine roots tend to expand their
contact surface with the soil more (higher SRL and SRA and small
RD) and have more fine-root branches for P acquisition, whereas
species with coarse roots rely more on mycorrhizas for nutrient
acquisition from the soil (Ma et al., 2018). The results of the study
refute the third hypothesis we proposed (i.e. the plant P-acquisition
strategy shifts from fines root foraging and carboxylate mobilization
towards reliance on mycorrhizal collaboration), because the increase
in soil total P concentration due to ERW addition was accompanied
by a change in the P-acquisition strategy of the rubber roots, i.e.
a gradual shift from acquisition by fine roots to a reliance on col-
laborative acquisition by mycorrhizal hyphae and the release of root
exudates (phosphomonoesterase and carboxylates) (Figure 3). The
unexpected finding was a gradual increase of carboxylate secre-
tion. Normally, when soil is extremely P-deprived, plants mobilize
soil inorganic P for plant uptake mainly by releasing carboxylates
(Lambers, 2022; Wen et al., 2022). The reasons for this may be: (1)
silicon and its minerals in rocks may promote plant growth (such as
fine root biomass) and hence P demand, which enhanced the release
of carboxylates and their mobilization to organic P; (2) even with
the addition of P-containing minerals, the total soil P concentration
and P availability might still be lower due to soil leaching caused by
the high-rainfall environment of tropical forests, so P mobilization by
carboxylates would be an effective strategy of P uptake for plants
(Lambers, 2022). In addition, the variation in root P-acquisition traits
was also directly affected by ERW (Figure 5c). For example, fine
root biomass, RD, and RTD were significantly increased following
wollastonite addition (Figure 3). This is likely related to the below-
ground C-investment strategy of plants. Plants tend to allocate more
C to mycorrhizal fungi for P uptake rather than for enhancing root
length and root surface area under high wollastonite addition (Bi
etal.,, 2023; Ma et al., 2018). Thus, the results of this study shed light
on the fact that short-term ERW can change the P-acquisition strat-

egy of plants by increasing total P concentration and its availability.

4.4 | Limitations

Our study revealed that short-term ERW enhanced soil C sequestra-
tion and had a positive effect on soil P availability, but some uncer-
tainties remain. First, this study is based on results obtained from
2years of wollastonite addition, and results might change as times
goes on (Beerling et al., 2018). For example, long-term ERW will have

a significant effect on soil pH and stoichiometry ratio (such as C:N and
N:P), which in turn may inhibit microbial diversity and P-cycling poten-
tial (Garcia et al., 2020). Second, dissimilar types of silicate rocks (e.g.,
basalt and olivine) and their composition may have heterogeneous ef-
fects on soil P pool and its availability. The content of P-containing
minerals in different silicates may vary considerably, thereby affecting
P uptake and utilization by plants. For example, the rocks contain-
ing basalt and granite have 1.78% P (Buss et al., 2023), whereas the
rocks used in this study has only 0.097% P. Third, a major constraint
to fully utilizing ERW for CO, removal is the economic cost of min-
ing, crushing and milling silicate and applying silicate powder to for-
est ecosystems (Goll et al., 2021; Smith et al., 2016). This study used
anthropogenic wollastonite addition on a small scale. If scaled up to
large-scale application, more economical methods such as spread-
ing silicate powder in the form of free-flowing dust or slurry using
a spreader would have to be considered. Regardless, this study pro-
vides evidence that wollastonite enhanced P availability and could be
used in a tropical plantation to stabilize soils. The wollastonite addi-
tion not only save fertilizer costs, but remove considerable amounts
of CO,. Furthermore, the application of ERW in plantations may be

much easier and less risky than in natural forest.

5 | CONCLUSION

This study demonstrated that ERW enhanced soil microbial CUE and
total P concentration, and enhanced soil P availability by enhancing
mobilization and mineralization of plant rhizosheath carboxylates
and phosphatase for P_, and soil P-cycling microbial communi-
ties and their associated encoding microbial enzymes involved in
P, solubilization and P, mineralization. The increase in soil total P
concentration and its availability was accompanied by a respon-
sive alteration in the root P-acquisition strategy of a tropical rub-
ber plantation, i.e. a gradual shift from acquisition by fine roots to
dependence on collaborative mycorrhizal fungi and the release of
root exudates. The results further showed that ERW had a direct ef-
fect on plant root P-acquisition traits (e.g., RD, RTD, SRL, and RMC),
which may be associated with a shift in the pattern of belowground
C-resource partitioning in the plant. Our study elucidates the fact
that ERW measures can significantly increase soil P availability in
tropical forests and mediate the P-acquisition strategies of roots.
Thereby, its application in tropical biomass plantation systems for
abiotic CO, removal and to stabilize or improve soil fertility should

be considered.
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