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Abstract: Pasture dieback is a syndrome of unknown cause affecting grasses in Australia, creating
significant economic losses to farmers by reducing available livestock feed and paddock carrying
capacity. RC3 is a commercial plant growth stimulant tri-sodium salt of trimercapto-S-triazine (TMT)
and potassium humate as active ingredients. TMT is commonly used for soil and wastewater remedi-
ation by capturing and binding heavy metals, while potassium humate is an organic compound used
as a plant growth promoter. We investigated the ability of RC3 to restore soil health and productivity
under pasture dieback conditions. RC3 was applied on pasture dieback affected paddock replicate
plots once, at a rate of 4 mL/m2, and soil core samples were taken weekly to analyse microbial com-
munities. Plants were collected regularly to measure dry matter and plant morphometrics. Twenty
weeks after a single application, dry matter increased in RC3 plots by 900 kg/ha compared to control
plots, and at week 48, eleven months after the single application, RC3 plots showed a trend of more
grass and dicot species than the control. Morphometric measures suggest minor improvements in
dicotyledon plants. Alpha diversity did not change with the application of RC3. Temporal correlation
analysis shows that RC3 steadily reduced the presence of genera predominant in poor soils and with
extreme environmental conditions over time and prevented the decline of beneficial genera, such as
Marmoricola, Actinomadura, Dactylosporangium, and mle1-7.
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1. Introduction

Worldwide demand for beef as a source of nutritional protein is increasing [1]. The
global cattle herd consists of almost one billion animals [2], providing 45% of the global
protein supply for human consumption [3]. Australia had around 25 million cattle in 2019,
with 45% raised by Queensland farmers [4].

Livestock production is highly dependent on feed availability, as this constitutes 70%
of the total expenses of production [5]. Feed quality for ruminants can fluctuate according
to feed intake [6], plant life stage [7], pasture composition [8], availability, and physiological
stage of the animal. Queensland pastures are the source of feed for grass-fed cattle. The
pasture growth and availability change according to the weather patterns [9]. Pasture
quality depends on diversity and composition to deliver high nutritional value plants [10],
management practices, and soil health.

Pasture dieback is a syndrome that causes plant decomposition and death, impacting
grass production in Australia, affecting different grass species across distinct soil types,
reducing the animal carrying capacity of paddocks, and considerably altering pasture
availability and quality [11]. This disease appears as the yellowing or reddening on the tip
of older leaves, soon affecting the rest of the plant. Necrotic and stunted roots are character-
istics of this disorder, followed by plant death [12]. In many cases, the affected zone starts
in patches of about 5 m2, spreading to encompass entire paddocks [13]. Although there
are many working theories about the source of this disease, including insect infestation,
climate change, reduced soil organic matter, damaged soil microbiota, poor management
practices, loss of diversity, soil nutrient availability, and drought, the primary causes of this
disease are yet unknown [13,14].
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Climate change is gaining momentum in Queensland [15], the average temperature
has increased by 1.5 ◦C compared to 1910, and the weather is becoming noticeably more
extreme and unpredictable. The Central Queensland region where this study was com-
pleted has a sub-tropical climate with hot summers and warm winters, and the rainfall is
highly seasonal, occurring primarily in the summer. Agriculture experts worldwide are
developing policies to mitigate the effects of global warming and to prepare strategies to
maintain agriculture sustainability under projected future environmental extremes [16–18].
These strategies include the development of heat and water stress tolerant plant varieties,
improved management practices, more efficient water use, improved pest management,
and communication of these strategies to farmers. Climate change has influenced Aus-
tralian pastures [19], and climate simulation modelling predicts farms running at operation
losses in the near future [19].

Facing major losses in pasture and reduced cattle carrying capacity, the farmers
are looking for means to restore or improve the pasture quality and quantity. While
it is clear that the permanent reversal of pasture dieback is unlikely to be a short-term
investigation, plant growth stimulants present themselves as a possible solution capable
of providing immediate results and quantifiable short-term pasture improvements. Our
previous studies show significant pasture improvements due to some growth stimulants,
such as sea minerals [20]. We investigated the capability of RC3, a commercial product
whose active ingredients, potassium humate and TMT, are known to aid in soil remediation
and health. The product claims that when combined in RC3, these two main ingredients
amplify each other’s beneficial effects and perform better in synergy than in individual use
and that it is a potent plant growth promotant [21].

The primary use of tri-sodium salt of TMT is the removal of heavy metals from
wastewater and contaminated soils. However, it is widely used in several industries to
precipitate and bind copper, cadmium, mercury, lead, silver, and nickel [22–29]. The novel
use of RC3 is as a plant growth stimulant [16] in fruits. Products containing sulphur are
used as plant growth stimulants to help plants cope with heat stress and to defend the
plant from pathogenic microorganisms [30–32].

Potassium humate is a natural component of soil humus [33]. It affects soil’s physical
and chemical properties by chelating heavy metals and enhancing soil biological and chem-
ical properties, making nutrients available for plant use and helping the plant cope with
environmental stress [34]. Humate has a positive effect on plant roots, especially in lateral
roots and root hair initiation, as well as density, which enhances nutrient absorption [35].
Humate also interacts with the microbial community by recruiting and stimulating plant-
associated beneficial bacteria to protect the plant from pathogens, thus affecting the soil’s
microbial profile and bacteria reproduction [36,37].

We hypothesise that in pasture dieback, the weather extremes have disturbed mi-
crobial communities in the soil, especially the bacterial community, which is much more
sensitive to heat than the fungal community [38]. The disturbance in microbial balance
in the soil can reflect on the plant’s health. RC3 and both of its main ingredients have
the ability to restore soil chemistry and microbiota and improve plant growth. In this
experiment, we applied RC3 to pasture dieback-affected soil to assess its effects on the soil
microbial community, plants, and possible use in the remediation of damaged pasture and
soil. We used a temporal design to evaluate the capacity for long-term effects and 16S am-
plicon soil microbiota analysis, soil nutrient, pasture dry matter, and plant morphometric
analysis to evaluate microbiota–mineral interactions, plant benefits, and long-term pasture
capacity improvements.

2. Materials and Methods
2.1. Farm Description and Location

The property used for this experimental trial is located in Garnant, Queensland. The
property is an organic cattle enterprise with up to 800 Bos indicus × Bos taurus breed
beef cattle. The paddock used for the trial (38 ha) was productive until it was affected
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by pasture dieback in 2017. The paddock comprised multiple grass species, including
Buffelgrass (Cenchrus ciliaris), forest blue grass (Bothriochloa bladhii ssp. glabra), black spear
grass (Heteropogon contortus) Queensland bluegrass (Dichnthium sericeum), kangaroo grass
(Themeda triandra), Indian couch (Bothriochloa pertusa), green panic (Megathyrsus maximus),
and legume species like seca stylo (Stylosanthes scabra). The first signs of pasture dieback
appeared in 2017 when the grass started to die off. By 2019, there was no new grass
growth, and the paddock was overwhelmed with weeds. In 2020, the paddock seemed to
be recovering with a minimal amount of grass and some native legume species such as
phasey bean (Macroptilium lathyroides), and it seemed to be transitioning through several
dominant species. By 2021, when this study was conducted, the predominant species
were weeds such as wild sage (Salvia verbenaca L.), some woody plants such as currant
bush (Carissa ovata and Carissa lanceolata), and the only grass species present was Indian
couch (Bothriochloa pertusa). The cattle avoided dieback-affected pasture grazing only on
the remaining Indian couch, significantly reducing the cattle carrying capacity.

2.2. Experimental Plots

The experimental paddock used in this trial presented similar pasture dieback char-
acteristics. The entire paddock was affected by pasture dieback, and no healthy control
was available. The experimental plots used for this trial were 5 m by 5 m, separated
by a buffer zone to avoid drifting the product on application. The treatments were ran-
domised [39] between RC3 treated and untreated pasture dieback -affected control (CTR).
We used three replicate plots (5 m × 5 m) per treatment. RC3 (Green Earth Technology,
Gin Gin, 4671, Australia) was diluted at the rate of 2 mL per litre of water and was ap-
plied 50 litres per plot resulting in a final dose rate of 4 mL/m2. The cost of RC3 in 2022
was AUD $66 per litre. The CTR plots were sprayed with the same amount of untreated
water simultaneously with treating RC3 plots. The basic climate conditions, including
the temperature, rainfall, and solar exposure, for the duration of the trial are provided in
Supplementary Material Figure S1.

2.3. Sampling and Measurement

After a single product application, soil sampling was done by the core soil collection
method [40], using a T-bar core sampler at 15 cm depth. The samples were taken before
application, then weekly for six weeks, and then fortnightly until week 20. The samples
were kept on ice and placed in a−80 ◦C freezer. Plant samples for dry matter measurements
were collected before the application (week 0) and at week 20, using a quadrat thrown
twice per plot and cutting and collecting all plant material as close to the ground as possible
using scissors. Due to the nature of this syndrome (affected plant matter disintegrated
on contact), separation into pasture components was not possible at this stage. However,
48 weeks after the single application, separating into monocotyledon, dicotyledon and litter
was possible. Plant samples were dried at 160 ◦C for 24 h, and the weights were recorded
to calculate and compare dry matter per hectare.

Plant samples for morphological studies were taken at week 20 and again eleven
months after (week 48). A representative grass and a dominant weed (wild sage) plant
were taken entirely from each plot and kept on ice until measurements were taken. The root
widths were measured using a caliper, while root length, leaf size and plant height were
measured with a ruler. The number of tillers, branches, roots, and seed heads were counted.

2.4. Soil Mineral Analysis

Soil samples for mineral analysis were outsourced to the University of Western Aus-
tralia’s Earth and Environment Analysis Laboratory (EEAL) located within the School of
Agriculture and Environment. The soil samples were analysed by inductively coupled
plasma optical emission spectroscopy (ICP–OES). The minerals measurements taken were
total Carbon/Nitrogen, Al, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Zn, pH,
and EC (electric conductivity).
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2.5. DNA Sequencing and Bioinformatics

Soil DNA was extracted using DNeasy PowerSoil Pro Kit (QIAGEN, Hilden, Germany)
following the manufacturer’s recommended protocols. After DNA extraction, the 16S rRNA
gene amplicon sequencing library was prepared by amplifying the V3-V4 hypervariable
region using forward primer 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and reverse
primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′) with spacers, barcodes, and Illumina
sequencing linkers. The sequencing was outsourced to Azenta Life Sciences (Suzhou, China)
and performed using a 2 × 300 bp paired-end sequencing with the Illumina MiSeq system.

Data analysis was performed using Qiime2 software, with denoising and chimaera
checking performed by Dada2. We used better quality read with a minimum Phred score of
20 over the length of 200 nt. The ASV level data were clustered to an OTU level using 98%
similarity. The samples with fewer than 4000 sequences were removed from the analysis,
leaving 57 samples. OTU level data were rarefied to 4000 sequences per sample and further
explored using a range of R packages, including Phyloseq, Vegan, and Microecco. Plant
data, including dry matter and plant morphometrics, were analysed and presented using
GraphPad Prism v9. We used non-parametric Mann–Whitney tests for all morphometric
measurements and dry matter calculations.

3. Results
3.1. Plant Dry Matter, Morphometric Measurements and Soil Minerals

Dry matter increased between week 0 and week 20 (Figure 1) and based on the
difference of means, showed an insignificant increase of 1600 kg/ha in CTR. There was
a significant increase (p = 0.029) of 2100 kg/ha in RC3-treated plots between week 0 and
week 20 (Figure 1). At 48 weeks after the application, there was no improvement in total
dry matter (Figure 2A). There was no statistically significant improvement (p < 0.05) in the
amount of grass (Figure 2C). However, based on the mean yields, there was 182 kg/ha
more grass on RC3 compared to the CTR plots (Figure 2D).

Figure 1. Total dry matter before the application (W0) and at week 20. * p < 0.05.
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Figure 2. Dry matter measured in kg/ha, panel (A) = total dry matter, (B) = litter, (C) = grass and
(D) = dicotyledon.

Plant morphometric measurements were taken at week 20 and then again at week 48 to
observe the long-term effect of the product. Although there were no statistically significant
differences between RC3 and CTR plant measurements, in dicotyledons (Figure 3), based
on a comparison of the group means, at week 20, there was a trend of higher root thickness,
length of youngest leaf, the total number of roots, seed heads, number of branches, and
longest root length. Eleven months later (W48), the leaf size, the number of branches and
seed heads based on the group means remained higher in RC3 than in CTR plants, but
this did not reach statistical significance. Grass morphology is provided in Supplementary
Material Figure S2, and it shows a trend of a higher mean of the total number of roots and
tillers in RC3 treated plots compared to control at 20 weeks post-application, but this did
not persist to week 48 (Supplementary Material Figure S2).

There were no significant differences in mineral concentrations before and 12 weeks
after the application of RC3 (Supplementary Material Figure S3), although concentrations
of Ca, Ni, Pb, C, and P were less in RC3 plots, while concentrations of K, Fe, Mg, and Mo
were increased (Supplementary Material Figure S3).

3.2. Soil Microbial Community Structure

The most abundant genera in the soil were Rubrobacter, Solirubrobacterales 67-14,
Unknown Gaielalles, Bacillus, Conexibacter, and in lower abundance Gaiella, Un. Xan-
thobacteraceae, MB-A2-108, Solirubrobacter, Un. Micromonosporaceae, Un. Bacillales, Un.
Solirubrobacterales, and TK-10 (Figure 4).
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Figure 3. Plant morphometric measurements at week 20 and week 48 for sage (dicotyledons repre-
sentative species). YL = youngest leaf.

Figure 4. Microbial community composition at the genus level. Plot (A) displays the stacked average
of 3 plots per week from week 0 to week 16. Panel (B) shows the stacked bar chart showing the mean
abundance of top genera in control (CTR) and RC3-treated soil.
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The richness and alpha diversity indices measured with ACE, Chao1, Observed, Fisher,
and Inverse Simpson (Supplementary Material Figure S4) show that the application of RC3
did not alter microbial richness or alpha diversity in the soil.

LEfSe (linear discriminant analysis effect size) plot, showing only genera with p < 0.05
and an absolute LDA score higher than 4, presented in Supplementary Material Figure S4
shows an increase of Actinobacteria and Solirubrobacter in RC3-treated soil, while genera
Chloroflexi, MB-A2-108, Bacillus, Gaiellales, and Solirubrobacteracea have higher representation
in the CTR plots.

3.3. Correlation Analysis

Correlation analysis of taxa with time was performed at genus-level to examine
temporal fluctuations in the microbiota community (Table 1). The genera significantly neg-
atively correlated with time in CTR plots were Marmoricola, Actinoplanes, BIrii41, Ellin6067,
Reyranella, mle1-7, Actinomadura, Asanoa, Blastococcus, Cryptosporangium, Dactylosporangium,
Dongia, MND1, Pyxidicoccus, Saccharopolyspora, Skermanella, Subgroup 10, and Vicinamibacter-
aceae. The genera significantly negatively correlated with time in RC3-treated soils were
Blastococcus, Conexibacter, Craurococcus-Caldovatus, Planosporangium, and RB41.

Table 1. Genus level temporal correlation in RC3 and control plots. Genera correlating with RC3 are
in purple, and genera correlating with CTR are in dark yellow.

CTR RC3

Genus Rho p Signif. Rho p Signif.

Actinomadura −0.356 0.049 * 0.038 0.843

Actinoplanes −0.490 0.005 ** −0.239 0.213

Asanoa −0.454 0.010 * −0.193 0.316

BIrii41 −0.480 0.006 ** −0.295 0.1206

Blastococcus −0.404 0.024 * −0.421 0.023 *

Conexibacter 0.282 0.125 0.408 0.028 *

Craurococcus-
Caldovatus 0.020 0.913 −0.401 0.031 *

Cryptosporangium −0.395 0.028 * −0.042 0.827

Dactylosporangium −0.434 0.015 * 0.086 0.658

Dongia −0.406 0.023 * 0.139 0.471

Ellin6067 −0.474 0.007 ** −0.049 0.797

MND1 0.358 0.048 * −0.019 0.922

Marmoricola −0.695 0.000014 *** 0.061 0.752

Planosporangium 0.225 0.224 0.387 0.038 *

Pyxidicoccus −0.369 0.041 * −0.045 0.815

RB41 −0.112 0.547 0.433 0.019 *
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Table 1. Cont.

CTR RC3

Reyranella −0.473 0.007 ** −0.204 0.287

Saccharopolyspora −0.359 0.047 * −0.010 0.957

Skermanella −0.404 0.024 * −0.025 0.898

Subgroup 10 −0.379 0.036 * 0.134 0.488

Vicinamibacteraceae −0.363 0.045 * −0.207 0.282

mle1-7 −0.472 0.007 ** 0.193 0.315
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

3.4. Beta Diversity

The analysis of weighted and unweighted Unifrac distances indicated no major effect
of RC3 on the beta diversity. However, time significantly affected beta diversity (Table 2).

Table 2. PREMNAOVA on Weighted and Unweighted distances.

Distance Effect of R2 p Significance

Unweighted
Unifrac

Treatment 0.017 0.298

Time (weeks) 0.238 0.001 ***

Weighted
Unifrac

Treatment 0.012 0.548

Time (weeks) 0.248 0.019 **
** p ≤ 0.01, *** p ≤ 0.001.

The table shows a higher significance of the Time variable using unweighted than
weighted Unifrac, indicating that membership is altered more than abundance.

The ecological relationship between the samples is presented as a cladogram based on
weighted Unifrac distance in Figure 5. The figure shows a conspicuous level of samples
clustering by treatment.

Microeco R package was used to explore the interactions of soil chemistry parameters
with the microbial community. Environmental and biota interactions were visualised
using a redundancy analysis (RDA) plot at the genus level (Figure 6). The mineral–genus
correlation heatmap based on unweighted Unifrac distance, provided in Figure 7, shows
the different responses of genera to mineral concentrations in soil in the presence and the
absence of RC3. For example, Vicinamibacteraceae increased significantly in the presence of
Cr in CTR plots but decreased in RC3 plots. On the contrary, in RC3 plots, the presence
of K and Al significantly positively correlated with this genus (Vicinamibacteraceae), but
it was reduced in CTR plots. Another example is that the Nocardioides genus increased
significantly in the presence of N, C, Cr, Ni, and S, only in RC3 plots.
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Figure 5. Weighted Unifrac cladogram. Soil sample IDs were replaced with the treatment.

Figure 6. RDA plot at the genus level.
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Figure 7. Heatmap of significant mineral correlations with soil genera. Only significant correlations
are shown on the map with an asterisk (* = p < 0.05; ** = p < 0.01).

4. Discussion

With millions of hectares of pasture affected and severe economic loss, pasture dieback
has been a serious problem for Queensland farmers. Despite continuous efforts from
scientists and significant investment from the government and non-government sectors, a
clear cause and remedy for this problem have not been identified. The results of this study
have shown that RC3 could be a candidate for short-term improvement in the productivity
of dieback-affected pastures. Although there was an improvement in total dry matter
production at week 20 after the application of RC3, the improvement did not last until
week 48.

A single application of RC3 produced a significant net increment of 900 kg/ha in the
dry matter at week 20 compared to the dry matter in control plots. All other changes were
insignificant but showed a trend toward RC3-induced improvements in dry matter and
plant morphometrics, which should be further investigated. The mineral concentration
in soil did not change significantly, but there was a slight reduction in Pb, Ni, and Cr
concentrations at week 12. This was expected as the active compound of RC3 is known
for capturing and binding heavy metals from wastewater and contaminated soils, as
mentioned previously.

The community structure shows genera commonly found in soil, some benign, e.g.,
plant-promoting Bacillus [41–43] and Conexibacter, known as nitrate-reducing [44]. How-
ever, there were genera characteristics of stressed soils, e.g., Rubrobacter genus, known as
radiation and high temperature tolerant [45], and Solirubrobacter, which is usually found
in poor and disturbed soils [46]. Gaiellales are found in extreme environments [47], and
Blastococcus are typical for arid and desert soils [48,49].

Based on the data presented in Table 1, temporal correlation shows three genera
positively correlated with time only in RC3 plots, indicating that their promotion is RC3
dependent. All of them are associated with extreme environments, e.g., RB41, typically
found in stressed and low nutrient soils [50,51], Planosporangium, usually found in hot
springs [52], and Conexibacter involved in nitrate reduction [44]. Craurococcus caldovatus, neg-
atively correlated with time only in RC3 plots, is associated with amoeba presence [53]. This
indicates that RC3 may have antiparasitic effects, which could affect microbial community
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structure and plant health. Amoeba and bacteria have a strong antagonistic relationship,
with amoeba being predator of bacteria. It was estimated that 1 g of pasture soil contains
109 bacteria and 105 protozoa [54]. Rosenberg and coauthors [55] reported that amoeba in
the soil prey on specific taxa, which results in a prompt change in the bacterial community
composition [55]. Amoeba decreases the abundance of Betaproteobacteria and Firmicutes and
increases Actinobacteria, Nitrospira, Verrucomicrobia, and Planctomycetes, and these alterations
have pronounced effects on the structure of the rhizosphere bacterial community.

Furthermore, genera significantly reduced in CTR plots but not temporarily altered in
RC3, Marmoricola, Actinomadura, and Dactilosporangium, are known to produce antibiotics
and antimicrobial metabolites [56–58]. This also points to a possible mechanism of RC3
induced alterations in the microbiota that indirectly resulted in plant morphometric im-
provements. Ellin 6067, Reyranella, Mle1-7, and Brii41, also temporarily reduced in CTR only,
are involved in the nitrogen cycle, converting ammonia to nitrite, producing nitrate, fixing
N, breaking down proteins, oxidating ammonia, and denitrifying, thus making N available
for plant absorption [59–64]. Actinoplanes is known for phosphate solubilisation [65], Asanoa
genus hydrolyse cellulose [66], and all genera are valuable for maintaining soil health. This
suggests that RC3 could have prevented the temporal decline of these beneficial genera.

The bacterial community interacted with minerals differently in RC3 and CTR (Figure 7).
Unknown Vicinamibacteraceae, a degrader of complex organic matter and chitin [67,68],
correlated with Cr in control and with Al and K in RC3. Nocardioides, a genus that has
the ability to reduce carbon, was positively correlated with carbon in RC3 only but not in
the CTR [69]. KD4-96, a genus associated with heavy metal pollution [59,70], showed a
negative temporal correlation with heavy metals Cr and Mo in RC3 only, supporting the
known effect of RC3 in heavy metal remediation.

5. Conclusions

Pasture dieback is affecting pasture production and generating losses in the cattle
industry. In this trial, we presented the use of a known product to remediate the effects of
pasture dieback in the soil microbial community and plants. Our microbiota data demon-
strate the beneficial effects of RC3 in poor, damaged, and stressed soils via a significant
reduction of genera used as biomarkers of poor soil. More research is needed to find a
more permanent solution, with a particular focus on the regeneration of pioneer legume
species. Our research fits with the global effort to formulate new strategies in agriculture to
prepare for the potentially devastating effects of climate change and to maintain agricul-
ture’s sustainability under altered environmental conditions. Future work could include
investigating synergies between known plant growth promotants, developing novel plant
and microbiota beneficial treatments, and focusing on identifying mechanisms, functions,
and pathways in the soil microbial community and in plants that play a role in both damage
and remediation of the syndromes emerging from the altered climate conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12123153/s1, SupplementaryMaterial.pdf containing
Figures S1 to S4. Figure S1: Plant morphometrics for grass. Figure S2: Mineral composition did
not change related to treatment. Figure S3. Alpha diversity measures show microbial community
variation does not involve changes in diversity. Figure S4: LEfSe plot showing differential taxa at all
taxonomic levels.
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