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ARTICLE INFO ABSTRACT

Keywords: Soil microbial communities mediate a range of ecosystem services and are impacted by land use. The Wet Tropics
Microbiome region of north Queensland, Australia, is a biodiversity hotspot with some of the world's oldest rainforests, but
La.nd use also has large areas converted for agriculture. We explored soil abiotic and biotic characteristics in 86 sites across
I;Ammb,lal biomass four of the key land uses in this area: banana production, sugarcane production, grassland, and rainforest.
Fz:ltgeina Furthermore, we characterised sites where wild bananas were found in rainforests to bridge the associations
Fusarium wilt found in natural and agricultural areas. Soil abiotic and biotic characteristics were found to differ between
Banana landuses, with commercial banana soils being the most distinct. Commercial banana and sugarcane soils had less
Sugarcane soil carbon, and banana soils were also less acidic and had higher zinc and nitrate levels than other landuses.

Interestingly, banana and sugarcane soils had half the microbial biomass of other landuses, including wild ba-
nana. The diversity of soil bacterial and fungal communities was also highly distinct in commercial banana soils,
with significantly larger relative abundances of Fusarium oxysporum, a fungal species complex that includes
important plant pathogens. Differences in soil biotic characteristics between landuses were significantly corre-
lated with soil carbon, nitrogen, phosphorus, and pH. Our results demonstrate that land management can pro-

foundly impact soil microbial communities, with potential consequences for ecosystem functioning.

1. Introduction

Soil bacteria and fungi underpin vital ecosystem services such as
nutrient cycling, pathogen control and water purification (Sacca et al.,
2017). These microbes are in turn influenced by anthropogenic land
management (e.g., tillage; Nikitin et al., 2020), fertilisation (Bei et al.,
2018), and monocropping (Shen et al., 2018), which influences their
ability to perform ecosystem services with implications for global car-
bon stocks and climate change (Powlson et al., 2011). As >50 % of
terrestrial ecosystems are influenced by anthropogenic management
(Hooke et al., 2012), the impact of anthropogenic management on mi-
crobial ecosystem services globally could be substantial. To understand
the impacts, a special focus should be placed on biodiversity hotspots as
losses in ecosystem services here can result in a disproportionate loss in
flora and fauna when compared to other areas (Marchese, 2015).
Consequently, it is imperative to investigate various biodiversity
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hotspots, as they can function as representative models for phenomena
observed in hotspots globally.

The Queensland Wet Tropics, a UNESCO World Heritage area, en-
compasses diverse ecosystems like the Daintree rainforest, Great Barrier
Reef and unique sclerophyll and mangrove forests (UNESCO, 2022;
Richards and Day, 2018; Standing Committee, 2012; Roberts et al.,
2021). However, these protected areas are also in the same biogeo-
graphical area as intensive agricultural sites including banana, sugar-
cane, and livestock production (Australian Banana Growers Council,
2020; Lavarack, 2016; Weber et al., 2021). While these industries sup-
port the local economy (Emtage and Herbohn, 2012), the impact they
could have on soil microbes within this biodiversity hotspot are unclear.
Elucidating the relationship between management and microbial
ecosystem services in and around the Wet Tropics could unlock inno-
vative strategies for managing vital services like disease control, pollu-
tion mitigation, and carbon sequestration (Bakker et al., 2018; Sanjuan
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et al., 2020; Bhattacharyya et al., 2022), with potential ramifications for
climate dynamics (Harris et al., 2021). However, information on
consistent microbial changes across landscapes is lacking, hindering
effective management for both agriculture and regional conservation.

Rainforest
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A study from sub-tropical Queensland, a climatic region to the south
of The Wet Tropics, reported reduced organic P fractions, as well as
altered bacterial diversity and phosphatase activity after converting
natural ecosystems to crops (Zhang et al., 2021). Similarly, an Australia-
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Fig. 1. The sample sites allocated by random stratified sampling to each land use in the study area. Black crosses indicate where samples were taken within a land use
and highlighted areas show the extent of that land use in the study area. Red crosses indicate areas where wild banana were sampled in rainforest areas. Inset map of
Australia shows the position of the study site nationally. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)



H.W.G. Birt et al.

wide study supported this, finding no link between soil microbial
biodiversity and soil fertility in croplands while a clear link between
these factors was present in natural ecosystems (Delgado-Baquerizo
et al., 2017). This disruption highlights the impact of landuse change on
soil biogeography. Nevertheless, while conversion to agricultural land
has been shown to disrupt trends of soil biogeography, there is evidence
that soil abiotic properties can explain a large proportion of the patterns
of diversity of soil microbes within agricultural areas (Xue et al., 2018).

Here, we used a biogeographical approach to determine the impact
of landuse on soil abiotic and biotic conditions in The Wet Tropics. By
studying a variety of sites and increasing understanding about what may
cause the distribution of microbes within them, we aimed to demon-
strate that landuse within The Wet Tropics has consistent impacts on soil
microbes. If this was true, management may be altered in the future to
produce consistent beneficial effects for ecosystem conservation and
resilience as well as agricultural management. We focused on four key
landuses in the same landscape: banana production, sugarcane pro-
duction, grassland, and rainforest. To bridge the associations between
‘natural’ and agricultural areas we also compared areas where wild
bananas grow in rainforest areas. Finally, we conclude with a discussion
of how changes observed within The Wet Tropics compares with other
patterns of soil microbial biogeography.

2. Material and methods
2.1. Sample collection and study area

Details of the site selection are provided in our Supplementary
methods. Briefly, 86 sites, comprising rainforest, grassland, sugarcane,
and banana, were sampled using stratified random sampling within a 48
km x 56 km area of The Wet Tropics, North Queensland (Table S1 and
Fig. 1). These landuses represent various levels of management in-
tensity: banana and sugarcane sites are monocrops heavily managed
with pesticide and fertiliser. Grassland sites were designated ‘grazing
under native vegetation’ that were grassland sites with no or varying
levels of grazing intensity, hereafter referred to as simply grassland.
Rainforest sites were forested areas that were designated as national
park, managed resource protection sites, or residual native cover.
Although The Wet Tropics includes areas of mangrove and wet scle-
rophyll forest, exclusively notophyll rainforest areas were sampled.
While these sites are relatively wild, it must be acknowledged that they
are not entirely free of anthropogenic influence. For example, minor
activities in rainforest areas include native tree planting, feral pig
removal, and trail maintenance. Nineteen to twenty-one sites were
sampled per land use. As the region is within the native range of two
wild banana species: Musa accuminata subsp. banksii and Musa jackeyi
(Office of the Gene Technology Regulator, 2023), banana sites included
not only farms, but also six sites within rainforests at which soil was
sampled around the base of wild banana plants. This design facilitated
comparisons bananas in sites with high and negligible management
intensity.

At each site, nine points were marked in a 3 m x 3 m grid covering 9
m2 A 10 cm deep core was taken from each subsite, pooled into a
composite sample, and then homogenised. Roots or other living material
were removed. Samples were then transported to the lab in a cool box
with ice until further processing on the same day. A sub-sample of the
composite was dried in a 120 °C oven for 24 h for abiotic analysis, and
the remaining soil was then frozen at —20 °C. DNA was extracted from
frozen soil according to the method of Deng et al. (2010) with minor
modifications (Supplementary Methods).

2.2. Soil physicochemical characteristics
Full details of our soil chemical analyses are provided in the Sup-

plementary methods. Briefly, total organic carbon and total nitrogen
were simultaneously determined in soil samples through high-
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temperature (720 °C) catalytic combustion (Pt/Al,03) oxidation on a
Soli TOC® cube (Elementar Analysis Systems, Germany) (Pitt et al.,
2003). Other key soil elements were determined using ICP-OES ac-
cording to the method of Rayment and Lyons (2011) and a modified
method of Baethgen and Alley (1989) was used to analyse water-
extractable ions on a SEAL AQ2+ autoanalyser (Baethgen and Alley,
1989; USEPA, 1983).

2.3. Soil microbiological characteristics

Full details of our soil biological analyses are provided in the Sup-
plementary methods. Briefly, microbial phospholipid fatty acids (PLFAs)
were analysed as indicators of total microbial, bacterial, and fungal
biomass in soil according to Buyer and Sasser (2012). In addition, the
diversity of soil bacterial and fungal communities was characterised
using 16S rRNA and ITS2 gene amplicon sequencing, respectively.

2.4. Statistical analysis

The influence of landuse on univariate response variables (alpha
diversity and biomass) was assessed using ANOVA. The associations
between these response variables and the abiotic predictor variables
were assessed using multiple linear regression, with parsimonious
models being identified using forward selection. Multivariate response
data (community composition and abiotic variables) were analysed
using PERMANOVA, ordination, and Mantel tests. Landuse was added as
a variable to both univariate and multivariate models to assess its
explanatory power. All statistical analyses were conducted using R (see
Supplementary Methods for further details).

3. Results
3.1. Soil abiotic characteristics

Soil abiotic characteristics were significantly different between land
uses (PERMANOVA: R? = 26.34 %, F=7.15, P < 0.001; Fig. 2). The pH
of commercial banana soils was significantly more alkaline than other
landuses, except for wild banana (Table S3). Nitrate was considerably
higher on average in banana soils than rainforest, grassland, or sugar-
cane areas, yet wild bananas were found to grow in much higher nitrate
areas on average than those found in production areas (Table S3). Soil
carbon was significantly reduced by 30 % in banana production areas
relative to rainforest soils (Table S3). Zinc levels were also significantly
higher in banana production areas than elsewhere (between 186 and
337 % higher on average, Table S3).

3.2. Soil microbial phospholipid fatty acids

PLFA analyses revealed lower microbial biomass in banana and
sugarcane soils compared to rainforests. Reductions were 46.8 % and
60.1 % for total PLFAs, respectively; fungal PLFAs showed similar de-
clines (50.4 % and 60.9 %, Fig. 3). While bacterial PLFAs decreased in
banana soils (36.0 %), they remained higher than sugarcane (27.1 %
lower than banana, 53.3 % lower than rainforest). Rainforest had the
highest fungal:bacterial PLFA ratio, indicating a higher proportion of
fungi. Grassland had a lower fungal:bacterial ratio than rainforest, while
banana had the lowest, suggesting a dominance of bacteria (Fig. 3). No
significant differences in total, microbial, bacterial or fungal PLFAs were
observed between rainforest and grassland or wild banana sites.

Zinc was associated with a decline in biomass across total, bacterial,
and fungal biomass (Table 1); however, this trend appeared to be driven
by a small number of high zinc concentration sites (Figs. S1-S4). As
such, zinc's overall influence on the final model was often small, rep-
resented by a small beta coefficient, despite being significant. Total ni-
trogen was associated with an increase in the amount of bacterial and
total microbial biomass (Table 1, Figs. S1 and S2), while fungal biomass
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Fig. 2. Redundancy analysis (RDA) highlighting the differences in abiotic characteristics between various land use types. The ellipses represent standard deviations
of the group centroids. Results from a PERMANOVA test comparing the differences between land uses in inset.

was associated with an increase in total carbon (Table 1, Fig. S3). In-
creases in soil aluminium were associated with increases in bacterial
biomass (Table 1, Fig. S2). Soil pH was the most strongly associated
variable with fungal:bacterial biomass (Fig. S4). As soils became more
neutral, a lower fungi:bacterial biomass ratio was observed, suggesting
more acidic soils favoured increases in the relative abundance of fungi.
For all microbial biomass metrics, land use provided a significant
explanation of the residual variation (Table 1).

3.3. Microbial community composition

Distinct fungal and bacterial communities were associated with each
land use (Table 2, Fig. 4). Proteobacteria were the largest bacterial
phylum found in all soils (Fig. S5), while Acidobacteriota formed a lower
proportion of the community in sugarcane and banana soils. Actino-
bacteria were, on average, a larger proportion of the community in
banana soils than in other land uses. For fungal classes, Sordariomycetes
were dominant in sugarcane, banana, and wild banana soils while
Agaricomycetes formed a greater proportion of the community in rain-
forest and grassland soils (Fig. S5).

Among the 433 bacterial OTUs showing significant differences in
abundance across land uses, 15 had an average relative abundance
exceeding 1 % in at least one land use (Fig. 5). These bacteria repre-
sented a diverse phylogenetic range, belonging to four distinct phyla.
The decline of four differentially abundant Acidobacteriota OTUs was
observed not only in sugarcane and banana sites but also in wild banana
sites. In contrast, Nitrospirota OTUs displayed increased abundance in
both banana and wild banana locations.

For fungal OTUs, 209 exhibited significantly different relative
abundance between land uses; however, only 18 had an average abun-
dance of >1 % in at least one land use (Fig. 6). Among these, three
belonged to the Hypocreales order and were predominantly found in
banana soils. One of these three was a Fusarium oxysporum (OTUL,
Fig. 6). OTU1 relative abundance was 74 times greater in banana soils
(6.7 % of reads on average) than rainforest areas (0.1 % of reads on

average, Fig. 6). Most of the differentially abundant unclassified fungi
and three Agaricales were indicative of rainforest or wild banana soils.

3.4. Abiotic correlations with microbial diversity

Bacterial community composition could be significantly explained
by change in a range of abiotic variables (Fig. 4). Nevertheless, land use
could still significantly explain residual variation in models that
included only abiotic variables (Table 1 and S4). Increased silicon,
phosphorus, and soil pH were mainly associated with bacterial com-
munity composition from banana sites, with soil pH having the largest
impact (Fig. 4, Table S4). Increased soil carbon was associated with
bacterial community composition in wild banana and rainforest sites.

Significant variations in fungal community composition were also
correlated with multiple abiotic variables (Tables 1 and S4). Again,
when models incorporated only abiotic variables, land use accounted for
a significant portion of the residual variation (Table S4). Zinc was most
closely associated with banana sites and explained the most variation of
any abiotic variable (Fig. 4, Table S4). Soil pH and conductivity was also
associated with fungal community composition in banana sites (Fig. 4,
Table S4). Increased potassium more associated with sugarcane and
rainforest sites respectively, while reduced soil carbon was indicative of
sugarcane fungal communities and increased soil carbon was associated
with rainforest fungal communities (Fig. 4).

3.5. Soil microbial alpha diversity

According to Shannon's diversity, bacterial communities were more
diverse in wild banana and banana soils than in other land uses (Table 2,
Fig. S6). Abiotic variables predicted differences in bacterial alpha di-
versity; the residual variation could not be explained by different land
uses (Table S4). Increases in soil pH, calcium, zinc, and silicon were all
associated with an increase in bacterial Shannon diversity (Tables 2 and
S4, Fig. S7). Increases in soil copper were associated with a modest
decrease in bacterial Shannon diversity (Tables 1 and S4, Fig. S7).
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according to post hoc analysis.

Fungal alpha diversity did not differ between land uses and there was no
correlation between fungal Shannon diversity and soil abiotic variables
(Table 2, Fig. S6).

4. Discussion

Anthropogenic land management like tillage, monoculture, and
fertilisation impact soil microbial biodiversity, impacting on ecosystem
services like nutrient and carbon storage. This study in Australia's Wet
Tropics, a biodiversity hotspot, explored these effects and their potential
wider consequences. Studying the Wet Tropics as a model can inform
understanding of similar changes in other hotspots globally. Impor-
tantly, demonstrating these effects at the landscape scale provides evi-
dence that consistent land management practices can be used to manage
soil microbes across entire regions or large agricultural sectors.

4.1. Landuses exhibited characteristic soil abiotic profiles

Landuse significantly impacted soil abiotic properties across the
study area. Notably, banana production areas exhibited more neutral pH
(Fig. 2, Table S3), likely due to liming practices common for increasing
nutrient availability (Pattison et al., 2008). This coincided with signifi-
cantly higher nitrate levels in banana soils than the other three landuses

(Table S3), reflecting their nitrogen-intensive cropping systems.
Compared to other crops, banana production generally employs higher
nitrogen application (e.g., 400 kg N ha™! vs. 140-170 kg N ha~! for
sugarcane; Canegrowers, 2020). Elevated phosphate, total phosphorous,
and conductivity further support the influence of fertilisation on banana
soils (Table S3). Interestingly, wild banana areas showed similar nitrate
enrichment and slightly higher pH, potentially linked to disturbance-
induced nutrient release, such as fire or fallen trees from storms
(Marod et al., 2010).

Soil carbon and nitrogen was on average more than halved in sug-
arcane soils compared to rainforest areas and still drastically reduced
even when compared to banana production areas (Table S3). This could
be due to the intensive tillage required in sugarcane production to
establish a suitable seed bed (Calcino et al., 2008; Skocaj et al., 2013).
Furthermore, cane crop residue can sometimes be managed through
controlled burns (Pinakana et al., 2023). Intense tillage and the burning
of crop residue has been shown to decrease soil nitrogen and carbon
storage in soils (Robertson and Thorburn, 2007; Singh and Rengel,
2007). By comparison, tillage is reduced in banana production and crop
residues are left to decompose in-row which may account for the higher
soil carbon and nitrogen seen in these soils (Geense et al., 2015).
Vegetation burning has been shown to increase soil carbon in forests, but
these prescribed burns are often less frequent, of lower intensity, and do
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Table 1
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A summary of significant abiotic variable model terms that explain changes in microbial community biotic variables between land uses. The last row indicates whether
land use could be added as a significant term using a hierarchical ANOVA approach.

Abiotic variable Biotic variable Total
Total Total Total Fungal: Bacterial Bacterial Fungal Fungal
microbial bacterial fungal bacterial Shannon community Shannon community
biomass biomass biomass biomass ratio diversity composition diversity composition
Aluminium - v oEE - - - - _ . 1
Calcium — - - — SR _ _ _ 1
Copper - - - - Vo ad - - 2
Electrical - - - - _ _ _ R 1
conductivity
Manganese - - - voF — — _ _ 1
Potassium - - - - _ _ _ o 1
Phosphate - - _ S _ v _ - 2
Phosphorus - - - — _ R _ _ 1
Silicon - - - _ _ R _ v o 3
Soil pH — _ _ S _ o _ ok 4
Total carbon - - VALE _ _ R _ o 3
Total nitrogen v oEEE sk - - - - _ _ 2
Zinc / ek / ek / Kk / * / Kk _ / Fedkk 7
Landuse V) OEERE Va /o _ R _ /o _
explained
residual?

Asterisks represent the significance of model terms (P < 0.05*; P < 0.01**; P < 0.001**%).

Table 2

The impact of land use on the alpha and beta diversity of soil microbial com-
munities as represented by the Shannon Diversity Index and changes in
Euclidean distance of Hellinger transformed OTU relative abundances. These
were analysed using ANOVA and PERMANOVA, respectively.

Group Shannon's diversity Community composition

F value P value R (%) F value P value
Bacteria (16S) 9.5 <0.001*** 27.89 7.8 <0.001***
Fungi (ITS) 0.3 0.844 18.94 4.7 <0.001%**

Asterisks represent the significance of model terms (P < 0.001%**).

not clear all vegetation (Pellegrini et al., 2018).

4.2. Conversion to cropping halved microbial biomass

Cropland soils had half of the microbial biomass than rainforest and
grassland soils (Fig. 3). This is consistent with previous findings (Chen
etal., 2022). While Chen et al. (2022) reported a 70-75 % reduction, the
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lower reduction in microbial biomass in our study (~50-60 %
depending on land use conversion types) may be due to soil carbon
accumulating less in the tropics and within this study we have seen clear
correlations between soil carbon and microbial biomass (Crowther et al.,
2019). Soil carbon and nitrogen are important drivers of microbial
biomass (Chen et al., 2022). Both our study and that of Chen et al.
(2022) found that increased soil nitrogen and carbon was associated
with increased soil microbial biomass, although we found total nitrogen
to have better correlation with bacterial biomass and carbon for fungal
biomass (Figs. S2-S3). Further fractionation of carbon could reveal more
specific trends. For example, labile carbon has been shown to drive
microbial biomass trends more than more recalcitrant forms (Zhang
et al., 2020; Pattison et al., 2008).

We also found that higher concentrations of zinc were associated
with reduced microbial biomass. Their elevated levels in banana areas
could be due to the use of zinc oxides in pesticides (Al Jabri et al., 2022).
High zinc concentrations can affect microbial cell membranes, denature
proteins, displace essential ions, affect nutrient uptake, and cause
oxidative stress thus reducing microbial biomass (Cuajungco et al.,
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Fig. 4. Ordinations of principal coordinate analysis showing bacterial (16S rRNA genes), and fungal community composition (ITS2 genes). Solid arrows demonstrate
the relationship between soil microbial communities and environmental variables. Faded arrows (e.g., Na, Ni) are non-significant associations with abiotic variables.
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Fig. 5. A heatmap showing bacterial OTUs that were differentially abundant between land uses and had an average abundance >1 % within at least one land use.

2021). Other studies have found that zinc levels comparable to the
higher end observed in our study (~350-600 mg kg™! soil) have also
been associated with declines in microbial biomass (Barajas Aceves
et al., 1999; Moffett et al., 2003).

Increases in soil pH in this study were associated with a decrease in
fungal:bacterial biomass ratio (Fig. S6). This disagrees with an artificial
pH gradient that found an increase in fungal dominance toward more
neutral pHs (Rousk et al., 2009). However, it is noteworthy that banana
soils tended to also be more neutral and therefore in our study pH is not
decoupled from other management effects such as monocropping,
tillage, and pesticide use that can also affect microbial biomass (Kabiri
et al., 2016; Meyer et al., 2021; Mo et al., 2016).

After accounting for parsimonious soil abiotic variables, residual
variation in soil microbial biomass could still be attributed to land use
(Table 1). This suggests that land use alterations introduce changes not
solely encapsulated by shifts in measured soil abiotic factors. Although
data on the duration of monocropping was not collected during sam-
pling, it is likely a significant factor influencing soil microbial biomass.
For example, the rotation of banana production with other crops has
been shown to significantly increase soil microbial biomass carbon by
8.6 %—40.5 % (Zhong et al., 2015). Similarly, sugarcane monocropping
has been shown to reduce microbial biomass (Holt and Mayer, 1998).
This has been attributed to other factors not analysed in this study
including quantity and quality of litter, as well as soil temperature and
moisture. Other effects such as the impact of tillage on soil aggregation,
the distribution of organic matter and pesticides could also affect soil
microbial biomass (Sun et al., 2011; Ullah and Dijkstra, 2019; Zuber and
Villamil, 2016).

4.3. Land use change results in distinct communities

Regional-scale land use change shaped bacterial and fungal com-
munities (Fig. 4, Table 2). This aligns with studies of land use in other
tropical regions (Petersen et al., 2019) and New Zealand (Louisson et al.,
2023), suggesting conserved microbial biogeographic patterns based on
land management. Decreases in Proteobacteria and Acidobacteria in the

shift from natural to cropped areas were consistent with previous studies
indicating shared responses to land use change. Further work in The Wet
Tropics could assess potential functional shifts linked to observed
community changes.

Among OTUs, Fusarium oxysporum (OTU1) showed the strongest
land-use association (Fig. 6). Consistent with Birt et al. (2023),
F. oxysporum was also associated with various banana production soils.
F. oxysporum's pathogenicity traits (Nirmaladevi et al., 2016; Van Dam
et al., 2016) likely mean it benefits from monocropping practices in
these areas (Shen et al., 2018). Although elevated in wild bananas, its
lower abundance relative to banana production areas, suggests sup-
pressive factors in natural environments (Alabouvette, 1989). Despite its
association with disease plants were healthy at sampling, highlighting
the prevalence of non-pathogenic F. oxysporum forms (Nel et al., 2006).

Similar to changes in the total biomass of the community, total
carbon, and pH were all correlated with communities from specific land
uses. These variables have also been shown to correlate with community
changes in a range of other studies on the impact of land use change on
soil microbial communities (Berkelmann et al., 2020; Liu et al., 2022;
Zhang et al., 2022). We also found that total phosphorus and phosphate
was well correlated with bacterial and fungal community structure
asreported previously (Fig. 4; Gumiere et al., 2019). Soil phosphorus is
often unavailable to organisms due to factors such as pH, organic
complexation, and clay adsorption (Frossard et al., 2000) and microbes
have evolved specific strategies to acquire phosphorus from these un-
available forms (Richardson and Simpson, 2011). The introduction of
phosphorus in readily assimilable forms can be advantageous to mi-
crobial populations that lack specialised mechanisms for accessing
recalcitrant phosphorus sources; such specialisation often entails a
metabolic fitness trade-off. As a result, shifts in microbial community
composition and dynamics may occur in agricultural soils (Mori et al.,
2018).

We did not find that land use change influenced fungal alpha di-
versity. This was surprising given other studies have reported land use
conversion has influenced fungal alpha diversity through changes in soil
structure and nutrients, notably available phosphorous (Liu et al., 2022;
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Fig. 6. A heatmap showing fungal OTUs that were differentially abundant between land uses and had an average relative abundance >1 % within at least one land
use. Inset is a boxplot showing the difference between the relative abundance of OTU1 (Fusarium oxysporum) one of the most common fungal OTUs observed in the
dataset. Different letters indicate significantly different relative abundance of OTU1 between land uses according to estimated marginal means post hoc with
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Berkelmann et al., 2020). Fusarium dominance in agricultural soils
(Fig. 6) might have masked diversity changes. Alternatively, antago-
nistic effects of different land-use pressures (e.g., nutrient increase vs.
tillage) could cancel out impacts on fungal diversity. Bacterial alpha
diversity, solely explained by abiotic factors (Table 2), was positively
associated with with soil pH, calcium, and silicon, which were elevated
in banana soils (Fig. S7). This is consistent with the fact that soil pH is a
master regulator of soil bacterial diversity, with richness and evenness
increasing from low to more neutral pH values.

5. Conclusions

This study provides important insights into the impact of land use on
soil microbial communities in The Wet Tropics of Queensland, a biodi-
versity hotspot which may serve as a model for biodiverse areas else-
where. We investigated this area as a loss of ecosystem services in
biodiversity hotspots can affect a disproportionate number of species
when compared to other areas. As such, it is important to understand
how anthropogenic land management is influencing soil microbes in
these areas. The findings of this study suggest that managed grassland,
banana, and sugarcane production systems have led to changes in soil
abiotic conditions, which correlate with reductions in microbial biomass
and distinct microbial communities. Notable among these changes were
changes in total soil carbon, nitrogen, and phosphorous as well as pH.
These findings have implications for the management of soil microbial

communities in natural and agricultural systems and the provision of
ecosystem services in agricultural lands. Future research might investi-
gate the extent to which restoring abiotic factors to conditions observed
in undisturbed regions influences the soil microbial biomass and com-
munity structure. Furthermore, landuse designations given in this study
may be further broken-down into levels of intensity (e.g., conventional
vs. organic agriculture, or grazing intensity within grasslands).
Exploring these areas in this manner may reveal more nuanced effects.
Finally, this work demonstrates that characteristic soil microbial com-
munities can be formed at the landscape scale through management.
Therefore, future work to manage microbial services in natural ecosys-
tems at the regional scale or agriculture at the industry scale are likely
viable through soil management.
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