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• Termites and their symbionts impact
soil microbiomes with ecosystem
consequences

• We investigated factors shaping
T. trinervoides-associated microbiomes
in African savannahs

• Symbiotic Podaxis fungi do not affect
microbiomes within and around mounds

• Termites, abiotic variables, and soil el-
ements play strong roles in microbiome
structure

• Soil microbiomes are governed by
abiotic and geochemical properties, and
secondarily by termite modulation
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A B S T R A C T

Termites are important ecosystem engineers and play key roles in modulating microbial communities within and
outside their mounds. Microbial diversity within termite mounds is generally lower than surrounding soils, due
to termite-associated antimicrobial compounds and active sanitary behaviours. Microbial symbionts of termites
can also influence the microbial landscape, by inhibiting or out-competing other microbes. Certain members of
the arid habitat fungal genus Podaxis (Agaricomycetes; Agaricaceae) are symbiotic with savannah specialist
grass-cutting termites, and have the potential to influence mound-associated microbiomes. To test this, we
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Bacteria
Fungi

characterized fungal (ITS2) and bacterial (16S rRNA) communities within and outside 49 Trinervitermes tri-
nervoides mounds with and without Podaxis fruiting bodies across a 1000 km transect in South Africa. We pre-
dicted that Podaxis would be a dominant member of the fungal communities in mounds and negatively impact
microbial diversity. Further, we explored how environmental variables shaped microbial communities, including
whether soil elemental composition affected Podaxis presence. As expected, we observed less diverse fungal
communities, but not bacterial communities, within than outside mounds, while microbial communities differed
by sampling regions and mound compartments. Podaxis sequences were present in 48 out of 49 mounds in low
relative abundances, and neither fruiting body presence nor sequence abundance were associated with microbial
diversity or composition. There was, however, an overall association between the presence of Podaxis fruiting
bodies and elemental composition, with different elements displaying varying associations depending on
geographic region. Both environmental variables and soil elements were associated with fungal and bacterial
taxa, indicating that they are key drivers of microbial community composition. Taken together, our findings
suggest that microbial landscapes in termite mounds are not strongly influenced by Podaxis but mainly driven by
termite filtering and regional abiotic variables and elemental compositions.

1. Introduction

Termites are among the most successful invertebrates on the planet
with an astounding 50 Mt of global carbon captured in termite biomass,
surpassing even that of birds (Bar-On et al., 2018). Termites often
dominate insect communities in terrestrial ecosystems, where they act as
important ecosystem engineers, changing physical soil structures
(Jouquet et al., 2007; Jouquet et al., 2016), modulating abiotic condi-
tions (Sanderson, 1996), and affecting water and nutrient availabilities
for other organisms (Dangerfield et al., 1998; Jouquet et al., 2011).
Environmental modulations from termite activities extend beyond
changes to the physicochemical properties of soils and include shifting
microbial community compositions (Jouquet et al., 2005; Li and
Greening, 2022). For example, microbial composition and richness in
soil within termite mounds, galleries, and extended foraging sheaths
tend to differ from those of the surrounding soil (Chen et al., 2021a;
Chen et al., 2021b; Chiri et al., 2020; Li and Greening, 2022; Yan et al.,
2021). These differences can be driven by several termite-modulating
factors, including treatment of mound soil with antimicrobial com-
pounds (Rosengaus et al., 2000), changing physicochemical properties
(Van Thuyne et al., 2021; Van Thuyne and Verrecchia, 2021), including
soil nutrients and pH (Chen et al., 2021b) and the release of termite
waste products (e.g., CH4, H2, and CO2) (Chiri et al., 2020; Chiri et al.,
2021; Schmidt et al., 2023). Lastly, termite mounds and surrounding soil
environments may overlap in microbial taxa due to the recruitment of
microbes to termite mounds or the dissemination of termite-associated
microbes to the environment (Li and Greening, 2022).

Termite species in the genera Trinervitermes and Nasutitermes (sub-
family Nasutitermitinae; Blattodea, Termitidae) are mound-building
termites that modulate the physical environment of their habitats
(Sileshi et al., 2010) and cut grass for nutrition that is stored within
mounds (Adam et al., 2008). Some species in these genera furthermore
engage in symbioses with species of basidiomycete fungi in the genus
Podaxis (Agaricomycetes; Agaricaceae), although the benefits or costs of
association remain unknown (Conlon et al., 2016). Podaxis is frequently
observed growing from the grass chambers of the mounds, even in
healthy colonies (Conlon et al., 2016). Four termite-specific Podaxis
species have been described (Li et al., 2023), and reductions in fungal
genome size and metabolic capacities indicate adaptations to live sym-
biotically with termite hosts (Conlon et al., 2021). Despite termite-
associated species potentially having a reduced chemical repertoire
(Conlon et al., 2021), Podaxis is a prolific producer of specialised me-
tabolites (Guo et al., 2022). However, the prevalence of Podaxis and
potential effects of these antimicrobials on bacterial and fungal com-
munity compositions within and outside mounds are unknown.

Here, we investigated factors shaping Trinervitermes-associated mi-
crobial communities through MiSeq amplicon sequencing of fungal and

bacterial communities in different locations within mounds (grass
chambers and soil from within and outside mounds) from 49 Trinervi-
termes trinervoides colonies along an approximately 1000 km North-
South transect in South Africa (Fig. 1A). First, we tested the hypothe-
sis that termites and the nest environment would affect microbiome
structure, which would lead to richness and compositional differences
between grass chambers, mound soil, and outside soil, with mound wall
soil being least rich due to soil density and the application of termite
antimicrobial compounds. Second, we hypothesised that Podaxis would
be more abundant within than outside termite mounds and dominate
fungal communities in grass chambers where Podaxis grows from. If
Podaxis is a key associate of Trinervitermes, we expected it to be central
and a highly connected member of microbial networks. Third, if
competition with Podaxis negatively impacts other microbes, we ex-
pected reduced microbial diversity in colonies with Podaxis, and dif-
ferences in community structure between mounds with and without
Podaxis. We tested for effects of Podaxis based on both visual presence/
absence of Podaxis fruiting bodies on colonies and relative abundance of
Podaxis sequences from amplicon sequencing data. In contrast, if ter-
mites and the nest environment more strongly influence microbiome
structures than Podaxis, we expected that compositional differences
would be unaffected by Podaxis presence. Lastly, given the extent of our
transect, we hypothesised that microbial communities would be affected
by differences in large-scale climatic or environmental variables, i.e.,
precipitation, temperature, elevation, habitat type, and soil elemental
compositions, and predicted that their effects would be weaker in
mounds, due to stable and buffered conditions, than surrounding soils.

2. Materials and methods

2.1. Experimental design and termite barcoding

Trinervitermes trinervoides mounds were sampled in November 2019
during three days at the onset of spring rains over a 1000 km transect in
South Africa (Fig. 1A). In total, we sampled 49 colonies. For each colony,
the number of Podaxis fruiting bodies were noted (Table S1). At each
mound we collected from three locations within mounds: mixture of
grass and soil from grass chambers (Grass), soil from north and south-
facing inside walls that predictably differ in sun exposure (North and
South, respectively), and two from outside mounds: the outside mound
wall (Wall) and 5 m away from the mound (Outside). The inner wall
samples were collected 5–10 cm from the outer wall surface and the
grass chamber (where present). From here on “Sample location” refers to
these mound compartments and outside soils. Termite workers were
collected for species identification (Fig. 1D). Soil and grass samples were
collected in cryotubes containing 1 ml of RNAlater® and stored at − 20
◦C. From the same sampling locations, we collected dry soil in 15 ml
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Fig. 1. Sampling localities and Trinervitermes trinervoides mound sample locations. A. Map indicating the sampling sites of 49 Trinervitermes mounds across South
Africa. Colours represent four provinces from which samples were collected (Gauteng, Free State, Northern Cape, and Eastern Cape). Satellite maps were acquired
from Google Earth. Mounds used for soil biogeochemical analyses are underlined. B. Image showing the Trinervitermes trinervoides soldiers. C. Mound of Trinervitermes
trinervoides with a fruiting body of Podaxis. D. Schematic Trinervitermes mound indicating sample locations in mounds for soil elemental analyses and bacterial and
fungal community characterisation.
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falcon tubes for mineral analysis from one mound with and one without
Podaxis fruiting bodies from three provinces (Fig. 1A).

We confirmed that all termite colonies were T. trinervoides by
extracting DNA from one worker/colony using a Chelex extraction (c.f.
Sinotte et al., 2021). We then used A-tLeu 5′-CAGA-
TAAGTGCATTGGATTT-3′ (Miura et al., 1998) and B-tLys 5′- GTTTAA-
GAGACCAGTACTTG-3′ (Liu and Beckenbach, 1992) primers to amplify
a region in the mitochondrial cytochrome c oxidase II (COII). PCRs were
performed and PCR products were purified and sequenced following
Sinotte et al., 2021. Forward and reverse sequences were aligned in
Geneious prime v. 2019.1.1 (Biomatters Ltd., New Zealand) using
Geneious’ own algorithm after primers and low-quality ends were
trimmed. Consensus sequences were aligned using MUSCLE v. 3.8.425
(Edgar, 2004) and closest matches were always T. trinervoides in a
BLASTn search in GenBank (Table S1).

2.2. Microbial community characterisation

DNA from 250 mg of soil or soil-grass mix was extracted using the
Qiagen DNeasy PowerSoil Pro Kit (Hilden, Germany) according to the
manufacturer’s instructions. DNA was further purified using Genomic
DNA Clean & Concentrator (Zymo Research, USA). Concentration of
extracted DNA was checked using NanoDrop ND-1000 (Thermo Scien-
tific, Germany).

Amplicon sequencing libraries were prepared using a two-step PCR,
targeting the bacterial 16S rRNA gene V3-V4 regions and fungal ITS1-
ITS2. PCRs were performed for 30 cycles using primers Uni341F (5’-
CCTAYGGGRBGCASCAG-3′) and Uni806R (5’-GGACTACNNGGGTATC-
TAAT-3′) originally published by (Yu et al., 2005) and modified as
described by (Sundberg et al., 2013) for bacteria and gITS7 (‘5-
GTGARTCATCGARTCTTTG-3′) (Ihrmark et al., 2012) and ITS4ngs (‘5-
TCCGTAGGTGAACCTGCGG-3′; (Tedersoo et al., 2015) for fungi. PCR
amplification products were purified using HighPrep PCR clean-up
(MagBio Genomics, USA) using a 0.65:1 (beads:PCR reaction) volu-
metric ratio. A second PCR reaction was performed to add Illumina
sequencing adapters and sample-specific dual indexes using PCRBIO
HiFi (PCR Biosystems Ltd., UK) for 15 cycles. The second PCR products
were purified as described for the first PCR. Sample concentrations were
normalized using the SequalPrep Normalization Plate (96) Kit (Ther-
mofisher, USA), following the manufacturer’s instructions. The libraries
were then pooled up-concentrated using DNA Clean and Concentrator-5
Kit (Zymo Research, USA). The final 9pM library was sequenced
following the manufacturer’s instructions on an Illumina MiSeq plat-
form at the Section of Microbiology - University of Copenhagen, using
Reagent Kit v3 (2 × 300 cycles) (Illumina, USA).

MiSeq amplicon sequences of bacterial and fungal communities were
analysed separately in Qiime2–2022.8 (Bolyen et al., 2019). Paired-end
sequences were denoised using the DADA2 pipeline (Callahan et al.,
2016) and assigned to amplicon sequence variants (ASVs) at 100 %
similarity. Bacterial 16S rRNA ASVs were assigned to taxonomy using
the SILVA 138.1 bacterial database (Quast et al., 2013), and fungal ITS
sequences were assigned to taxonomy using the UNITE database
(Nilsson et al., 2019). We removed archaeal, chloroplast and mito-
chondrial sequences. Bacterial and fungal phylogenies were generated
using the align-to-tree-mafft-fasttree command with Qiime2. We
removed any sample with sequencing depth below 5000 reads, leading
to the removal of 40 samples from the bacterial dataset and 19 samples
from the fungal dataset. Some extraction and sequencing controls con-
tained bacterial (two extraction controls) and fungal sequences (seven
extraction and two sequencing controls). To identify whether these se-
quences were true contaminants, we ran the decontam package (Davis
et al., 2018) on ASV tables with the default parameters (threshold= 0.1)
and prevalence method. This identified 339 ASVs in the 16S rRNA
dataset and 307 ASVs in ITS dataset as contaminants. We removed these
ASVs from the subsequent analyses.

2.3. Effects of sample location on fungal and bacterial diversity

Statistical analyses were conducted using R v. 4.2.2 (R Core Team,
2022). We calculated the bacterial and fungal Chao1 richness estimate,
Shannon’s diversity index and the core dominance index using the
microbiome package (Lahti and Shetty, 2017) within the Phyloseq
package (McMurdie and Holmes, 2013). The core dominance index in-
dicates the prevalence of the most abundance taxa within each micro-
biome, providing insights into the skewness of microbial communities.
Additionally, we calculated faith’s phylogenetic diversity (PD) using the
picante package (Kembel et al., 2010). The influence of sampling
province and sample location on microbial alpha diversities were
investigated using the generalized linear mixed models (glmms) in the
lme4 package (Bates et al., 2015). Alpha diversities were used as the
dependent variables, while sampling province and sample location and
their interaction were used as independent variables, and colony ID was
included as a random effect. The models were validated by investigating
the residual distributions in qq plots. Pair-wise differences between in-
dependent variables were investigated using emmeans package based on
the output of the glmm without the interaction (Lenth, 2023). ASV
sharing between different sample locations were examined through
generating upset plots in UpsetR package (Conway et al., 2017).

Microbial community composition dissimilarities were investigated
by calculating Bray-Curtis distances within the Phyloseq package
(McMurdie and Holmes, 2013). Community similarities were visualized
using principal coordinate analyses plots (PCoA). The influence of
sampling province, sample location and their interaction was tested
using Permutational multivariate analyses of variance tests (PERMA-
NOVAs) with the adonis2 function in the vegan package (Oksanen et al.,
2022), setting colony ID as a ‘strata’ parameter and running 10,000
permutations. The pairwise differences were investigated using the
wrapper package pairwise.adonis (Martinez, 2020).

To investigate how microbial co-occurrence patterns differed be-
tween termite mound-associated and outside sample locations, we
conducted co-occurrence networks using the SPIEC-EASI (Kurtz et al.,
2015) and igraph (Csardi and Nepusz, 2006) packages. These networks
were generated individually for each sampling location, using only
fungal and bacterial ASVs with >250 sequences. Stability of the net-
works were kept below 0.05 by adjusting the lambda.min.ratio. From
these networks we acquired parameters such as modularity (levels of
clustering within the network), ratio of negative to positive interactions
between microbial ASVs, and degree (the number of interactions a mi-
crobial taxon has with others).

2.4. Podaxis prevalence in microbial communities

Fungal amplicon sequences were manually curated to identify
Podaxis sequences, as the UNITE database did not provide genus level
hits to Podaxis. To do so, sequences were blasted to the NT database
(Sayers et al., 2022) in GenBank by BLAST+ (Camacho et al., 2009) and
the five results with highest scores were selected to determine taxo-
nomic classification. All ITS reads belonging to the Agaricaceae family
were selected and ITS sequences aligning to Podaxis were downloaded
from NCBI and aligned using MAFFT v73 (Katoh and Standley, 2013).

To further classify the Podaxis sequences to putative species, we
generated a phylogenetic tree using ITS sequences from known Podaxis
species (Li et al., 2023) and the Podaxis amplicon sequences from our
fungal dataset. We generated the phylogenetic tree using BEAST v. 1.8.4
(Drummond et al., 2012) by running the analysis for 100 million gen-
erations using a relaxed uncorrelated lognormal distribution for the
molecular clock model, and assuming a birth-death speciation process as
a tree prior. Tracer v. 1.6 (Rambaut et al., 2014) was used for conver-
gence diagnostics, and TreeAnnotator v. 1.8.3 (Drummond et al., 2012)
was used to summarize final out put trees into a maximum clade cred-
ibility (MCC) tree. Fifty million generations were removed as burn-in.

We then tested for differences in richness and relative abundance of
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Podaxis sequences between sample locations using glmms, keeping
mound as a random factor. Subsequently, based on the ITS phylogeny,
we categorized MiSeq amplicon sequences into multiple clusters and
investigated whether richness of each cluster differed between sampling
locations.

2.5. Effects of Podaxis presence on microbial communities

Using linear models, we examined whether Podaxis presence (visible
fruiting bodies and MiSeq sequences, respectively) was associated with
overall alpha diversity of fungal and bacterial communities. We then
investigated whether the presence/absence of Podaxis fruiting bodies
and the relative abundance of Podaxis ITS sequences (in categories: 0 %,
<2 %, 2–10 %, 10–20 % and > 20 %) influenced microbial community
compositions using PERMANOVAs. All these analyses were conducted
individually for each sampling location.

2.6. Effect of environmental variables and soil elements on microbial
communities

We gathered climatic and environmental information for each
mound using Google Earth Engine – GEE (Gorelick et al., 2017), a cloud-
based platform for geospatial analysis and remote sensing. We collected
monthly average temperature and precipitation for October 2019 using
ERA5-Land Monthly Aggregated database (Muñoz, 2019), bands
“Total_Precipitation_Sum”, elevation data from Hole-filled SRTM for the
globe v.4, SRTM 90 m DEM Digital Elevation Database (Jarvis et al.,
2008), and habitat type and landcover use data from Terra and Aqua
combined Moderate Resolution Imaging Spectroradiometer (MODIS)
Land Cover Type (MCD12Q1) v.6.1 (Friedl and Sulla-Menashe, 2022),
band “LC_Prop1” with Food and Agriculture Organization of the United
Nations (FAO) Land Cover Classification System (LCCS) (Latham et al.,
2002). First, we investigated the impact of environmental parameters on
microbial alpha diversities on different sample locations using glmms.
Monthly precipitation and temperature correlated positively (Pearson
correlation = 0.9115, t = 9.138, df = 17, p < 0.0001), so we only
included monthly temperature, elevation, habitat type and land cover in
our models. Subsequently, the effect of abiotic parameters on microbial
diversity was assessed using a random forest analysis with the ranger R
package (Wright and Ziegler, 2017). To build the model, we used land
cover, habitat type, monthly temperature and precipitation, elevation,
along with sampling location, province, and the presence of Podaxis as
predictor variables. The respective diversity metrics (Chao 1 richness
estimate, Shannon’s diversity index, or PD) were used as outcome var-
iables. Variable importance was determined by visualizing impurity (the
Gini index) of the predictors. Finally, we investigated which environ-
mental parameters affected microbial community compositions using
the distance-based ReDundancy Analysis (dbRDA) with the Bray-Curtis
dissimilarities in the microeco package (Liu et al., 2021). The significant
contributions by different variables were investigated with the envfit
function. These models were done independently for each sample
location.

Soil elements, particularly metals, can influence both taxonomic and
functional diversity of bacterial and fungal communities (Luo et al.,
2022; Stefanowicz et al., 2008). To test how soil elements affected mi-
crobial communities, we performed elemental analyses on 29 samples
from one mound with Podaxis fruiting bodies and one without from each
of three of the four provinces (Fig. 1A). We performed quadruple ICP-MS
(PerkinElmer TotalQuant) at the ICP-MS laboratory at The Geological
Survey of Denmark and Greenland (GEUS; https://eng.geus.
dk/products-services-facilities/laboratories/icp-solution-laboratory) to
quantify 65 different soil elements (Table S2).

The compositional differences in soil elements were analysed and
visualized using principal component analyses (PCA) within the vegan
package (Oksanen et al., 2022). We first investigated whether elemental
composition differed between sampling provinces, sampling locations

and presence/absence of Podaxis fruiting bodies using PERMANOVA
similar to for the microbiome analyses. We were not able to test asso-
ciations between soil minerals and the presence of Podaxis ITS se-
quences, since almost all termite mounds contained Podaxis. We further
investigated the loading values of PCA plots (independently for each
sampling province) to identify whether similar elements were associated
with mounds with Podaxis fruiting bodies. Subsequently, we tested for
differences in element amounts between sampling provinces with the
cal_diff function using the Wilcoxon Rank Sum Test in the microeco
package (Liu et al., 2021).

We then investigated whether the overall soil elemental composi-
tions aligned with the bacterial and fungal community similarities
through Mantel correlation tests in the vegan package (Oksanen et al.,
2022). To identify specific associations between bacterial and fungal
genera with different soil elements, we conducted Pearson’s correlations
using the cal_cor function within the microeco package and p values
were adjusted using false discovery rate (Liu et al., 2021). Mantel tests
were conducted on the full dataset, while Pearson’s correlations were
done individually by sampling province.

3. Results

3.1. Fungal and bacterial community compositions

We retained 195 of 245 collected samples after quality filtering, and
a total of 10,171,447 (mean ± SD: 52,161 ± 21,742) fungal ITS se-
quences after removing contaminant ASVs, which were assigned to
14,268 ASVs (Table S3). Ascomycota accounted for 72.7 % of the se-
quences with 7469 ASVs, followed by Basidiomycota (14.4 %). Around
10 % of the ASVs were unassigned at the phylum level (Table S3). The
majority of fungal ASVs were unique to sample location, with only 416
being found across all locations (Fig. S1A). Grass chambers contained
the least unique ASVs while outside soils contained the most. For bac-
terial (16S rRNA) communities, we retained 179 samples after quality
filtering and removal of contaminants, with 3,578,670 (mean ± SD:
19,992 ± 9486) sequences belonging to 23,647 ASVs (Table S4). Bac-
terial communities were dominated by Actinobacteriota (43.3 %), fol-
lowed by Proteobacteria (19.7 %), Firmicutes (14.2 %), and
Bacteroidota (5.4 %). As for fungal communities, only a fraction (1158)
of these ASVs were shared between different sample locations and
outside soils had most unique ASVs (Fig. S1B).

3.2. Effects of sample location and sampling province on fungal and
bacterial diversity

Alpha diversities of fungal communities (Chao 1 richness estimate,
Shannon’s diversity index, Phylogenetic diversity: PD, core dominance)
differed significantly between the sample locations, but sampling
province did not significantly affect diversity (Fig. 2A-C, Table S5).
Pairwise differences indicated that outside soils are richer and more
diverse in fungi than sample locations within mounds (Fig. 2A, Table
S6). Phylogenetic diversity (PD) of fungal communities, however, only
differed significantly between grass chambers and outside soils, while
other sample locations had intermediate PDs (Fig. 2B, Table S6). Core
dominance was higher within than outside mounds, indicating that the
most abundant fungal taxon within nests accounts for a larger propor-
tion of the fungal community (Fig. 2C, Table S6). Sample location, but
not province, significantly affected bacterial alpha diversities (Table
S5). However, pair-wise comparisons revealed no clear patterns in alpha
diversities between sample locations within or outside mounds (Fig. 2D-
E, Table S6).

Fungal community composition was significantly impacted by sam-
ple location (PERMANOVA: pseudo-F4 = 3.535, R2 = 0.0645, p <

0.0001) and province (pseudo-F3 = 4.321, R2 = 0.0591, p < 0.0001)
(Fig. 2G). There was also a significant interaction between the two
variables (pseudo-F12= 1.423, R2= 0.0779, p< 0.0001), indicating that
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fungal communities within a sample location also differ by province.
Pair-wise comparisons revealed that fungal communities of all sample
locations differed significantly from each other except for the north and
south side of the inner wall (Fig. 2G; Table S7). Fungal communities also
differed significantly between all provinces (Fig. 2G; Table S7).

Bacterial community compositions were significantly influenced by

sample location (PERMANOVA: pseudo-F4 = 3.789, R2 = 0.0737, p <

0.0001) and province (pseudo-F3 = 4.666, R2 = 0.0681, p < 0.0001),
and there was a significant interaction between the two (Bray-Curtis:
pseudo-F12 = 1.469, R2 = 0.0857, p < 0.0001) (Fig. 2H). Pair-wise
differences revealed that samples from inside mounds differed signifi-
cantly from those from outside, but there were no significant

Fig. 2. Reduced fungal but not bacterial diversity within T. trinervoides mounds compared to outside soil and compositionally different fungal and bacterial com-
munities between sample locations and provinces. Boxplots shows alpha diversity by sample location in fungal (A-C) and bacterial (D–F) communities. Lower case
letters above boxes indicate significant differences of pair-wise testing based on estimated marginal means (full results in Table S6). Ordination plots showing the
compositional differences in fungal (G) and bacterial (H) communities by sample and geographic locations.
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community-level differences between sample locations within mounds
(Fig. 2H; Table S7). As for fungal communities, bacterial community
structure differed significantly between provinces (Fig. 2H; Table S7).

Fungal community networks within mounds were more modular
than outside locations (Fig. 3A), and grass chambers hosted a highly
modular fungal network. This implies that there are more ecologically
similar fungal taxa within than outside mounds. The proportion of
negative to positive interactions were also lower within (mean ± SD:
0.1083 ± 0.0369) than outside (mean ± SD: 0.2049 ± 0.0578) mounds
(Table S8). This suggests that there are more positive associations be-
tween fungal taxa within mounds. Overall, the number of interactions
each fungal taxon has with other fungal taxa, i.e., the degree, signifi-
cantly differed by sampling location (Linear model: F4 = 377.9; p <

0.0001, Fig. S4). Pairwise differences revealed that degree levels
differed significantly among all sampling locations, except between the
inner north and south walls (Table S8). Fungal taxa within grass

chambers had the lowest degree levels (mean ± SD: 9.313 ± 4.003)
suggesting reduced interactions between taxa (Fig. S2A). This contrasts
the high degree between fungal taxa in the outside soil (mean ± SD:
41.96 ± 25.08).

Similar to fungal communities, the modularity of bacterial commu-
nities within grass chambers was higher than for other locations
(Fig. 3B). In contrast to fungal communities, modularity in the outside
soil bacterial communities was higher than locations within termite
mounds (Table S8). The proportion of negative to positive interactions
did not differ between different sample locations (Table S8). The degree
of ASVs differed significantly between sampling locations (Linear
model: F4 = 238.5; p < 0.0001; Fig. S2B), with grass chamber ASVs
experiencing on average the lowest degree (mean ± SD: 9.339± 3.786).
Pairwise comparisons revealed that degree levels differed significantly
between all sample locations (Fig. S2B; Table S9).

Fig. 3. Microbial network structures of fungal (A) and bacterial (B) communities differed notably inside and outside mounds. Network nodes are coloured according
to microbial phylum and edges indicate whether associations are positive (blue) or negative (orange). The modularity is indicated near each network.
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3.3. Podaxis prevalence in microbial communities

We observed Podaxis fruiting bodies on 16 of the 49 colonies. In the
cleaned ITS dataset, we identified 337 ASVs belonging to Podaxis that
were distributed across 148 of the 195 samples (75.9 %) and included at
least one sample in 48 of the 49 (97.9 %) termite mounds. The relative
abundance of Podaxis in fungal communities ranged from 0.004 % to
77.5 % (mean ± SD: 3.87 % ± 10.17 %) (Fig. 4C). On average, fungal
communities contained 2.62 (SD: ± 6) Podaxis ASVs. Neither sample
type nor province affected the diversity or relative abundance of Podaxis
ASVs (Fig. 4, Table S10). Within the co-occurrence networks, Podaxis
only co-occurred with a few other fungal taxa (Fig. S3), indicating
limited impact of Podaxis on fungal network structure.

The ITS tree demonstrated 14 clusters of Podaxis sequences (Fig. S4).
Despite converging based on the tracer file, we did not obtain strong
posterior probability support for many of the nodes in the tree, likely
due to the poor resolution of short reads. Some previously published ITS
sequences belonging to distinct Podaxis taxa clustered with our ITS se-
quences in distinct groups (Fig. S4), indicating that the placement of the
MiSeq sequences can be trusted. However, none of the clusters showed
significant differences in Chao1 richness between sample locations or
provinces (Table S11), indicating that diverse Podaxis taxa can be
detected both within and outside T. trinervoides mounds.

3.4. The influence of Podaxis on microbiomes

The presence of Podaxis fruiting bodies was not associated with
fungal community richness, diversity, or PD in grass chambers, inner
south wall, mound wall, or outside soils (Table S12). However, fungal
richness was significantly lower in the inner north wall when Podaxis
fruiting bodies were present (Table S12). The relative abundance of
Podaxis sequences also did not associate with fungal community rich-
ness, diversity, or PD in neither grass chamber, mound wall, nor outside
soils (Table S12). There was, however, a significant positive association
between Podaxis relative abundance and fungal community Shannon’s
diversity in the inner north wall, Podaxis relative abundance associated
negatively with the Chao1 richness in the inner south wall, and PD was
negatively associated in the inner south wall and outside soil (Table
S12). Alpha diversity indexes of bacterial communities were not

impacted by the presence of Podaxis fruiting bodies (Table S12). How-
ever, the relative abundance of Podaxis was significantly negatively
associated with bacterial community richness, diversity, and PD in the
inner north wall. Bacterial alpha diversity in other locations did not
associate with Podaxis relative abundance (Table S12). Thus, the pres-
ence of Podaxis appears to have little or no influence on fungal and
bacterial community diversities in Trinervitermes termite mounds.

We also did not observe statistical differences in fungal community
composition in mounds with Podaxis fruiting bodies for any of the
sample locations (Fig. 5A, Table S13). However, despite the absence of
obvious visible effects of the categorized relative abundance of Podaxis
on fungal community composition (Fig. 5B), PERMANOVA tests
revealed significant effects for the inner south wall, the outside wall, and
the outside soil (Table S13). However, pairwise tests did not reveal
significant differences between relative abundance of Podaxis in outside
wall communities. In the inner south wall, the composition of fungal
communities differed statistically between samples depending on the
relative abundance of Podaxis: 0 % and 2–10 % (Pairwise PERMANOVA;
F= 1.526, p= 0.0204), 0 % and 10–20 % (F= 1.858, p= 0.0258),<2 %
and 10–20 % (F = 2.503, p = 0.0006), and 2–10 % and 10–20 % (F =

2.149, p = 0.0222). In the outside soil community, only the relative
abundance groups of 0 % and < 2 % (F = 2.207, p = 0.0209) and < 2 %
and 2–10 % (F = 2.606, p = 0.0009) were significantly different in
fungal community structure (Fig. 5B). In summary, the absence of a
consistent effect of Podaxis abundance on fungal communities supports
that Podaxis is likely not critically important for structuring Trinervi-
termes-associated fungal communities.

For bacterial communities, we only observed a significant effect of
Podaxis fruiting body presence on the outside soil communities (Table
S13; Fig. S5). We did observe significant effects of different relative
Podaxis abundances on bacterial community structure in the inner south
wall and outside soils. Pairwise tests, however, did not reveal significant
differences between levels of Podaxis relative abundance on inner wall
communities. For outside soils, bacterial communities differed signifi-
cantly between samples with Podaxis relative abundance of <2 % and
2–10 % (Pairwise PERMANOVA: F = 2.639, p = 0.0009) and 0 % and
2–10 % (F = 2.078, p = 0.0279).

Fig. 4. Chao1 richness estimate, Shannon’s diversity index and the relative abundance of Podaxis ASVs did not differ between sample locations (Table S10). Points
are coloured according to the sampling province.
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3.5. Effect of environmental variables and soil elements on microbial
communities

None of the environmental variables (average monthly temperature,
land cover, habitat type, or elevation) showed clear associations with
any of the alpha diversity indexes of the fungal or bacterial communities
(Table S14). Aligning with our glmms, random forest models revealed
that the most important factor influencing bacterial and fungal alpha
diversity was sampling location (Fig. S6). Notably, the importance of
this variable was substantially greater for fungal communities, while
elevation also played a prominent role for bacterial communities. The
remaining environmental factors had nearly equal, but less substantial,
importance (Fig. S6). dbRDA plots and envfit analysis revealed that the
majority of the environmental variables influenced microbial commu-
nity compositions significantly across sample locations in both bacterial
and fungal datasets (Table S15; Fig. 6). Overall, the influence of eleva-
tion, monthly precipitation, and temperature tended to be in the oppo-
site direction of those of percentage landcover and shrubland habitat
types on microbial community structure (Fig. 6). However, all

environmental variables were associated with sampling provinces,
indicating that the effects of sampling province were driven by envi-
ronmental conditions.

Soil elemental composition was significantly different between
sampling province (PERMANOVA: F2 = 32.66, R2 = 0.6665, p <

0.0001), but not sample locations (F4= 1.031, R2= 0.0421, p= 0.4184).
The levels of multiple elements differed between the three sampling
provinces (Table S16), and geographically closer provinces were similar
in elemental composition (Fig. 7A). Intriguingly, elemental composition
was significantly associated with the presence of Podaxis fruiting bodies
in mounds (F4 = 6.441, R2 = 0.0657, p = 0.0051), albeit with low
explanatory power, implying that fruiting body formation of Podaxis
may be influenced by the presence of certain soil elements. However, we
detected Podaxis ITS sequences in all colonies used in the elemental
analyses (Fig. 7B). Given the differences by province, we visualized the
elemental composition of mounds at each province separately. This
revealed that elemental composition differed between termite mounds
with and without Podaxis fruiting bodies, despite geographic proximity,
and loading values indicated that different elements contribute to the

Fig. 5. Podaxis presence either as fruiting bodies (A) or ITS sequences (B) does not consistently affect fungal communities across sample locations. A. PCoA plots
showing the influence of the presence of Podaxis fruiting bodies on fungal community similarity based on Bray-Curtis distances. The colours represent the number of
fruiting bodies recorded at each mound. B. Same PCoA plots showing the influence of the different levels of the relative abundance of Podaxis in the ITS dataset on
fungal communities. Colours represent the different categories of Podaxis relative abundance.
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separation of provinces (Fig. S6). However, given our low sample size,
we are unable to determine whether these differences are truly associ-
ated with Podaxis fruiting body presence.

Mantel tests revealed a marginally non-significant correlation be-
tween the similarity in elemental composition and the similarities in
fungal communities (Mantel r = 0.1271, p = 0.0629) (Fig. 7C), indi-
cating a potential role of soil element composition in structuring the
fungal communities. We did not find such an association between soil
elements and bacterial communities (Mantel r = 0.0853, p = 0.1649)
(Fig. 7D). However, specific correlations between microbial genera and
soil elements from different provinces revealed multiple significant as-
sociations (Tables S17 and S18). We detected 125 significant correla-
tions between fungal genera and soil elements in Gauteng, 10 in
Northern Cape, and 19 in Eastern Cape (Table S17). In Northern Cape,
Podaxis was significantly positively correlated with gold (Au), while it
was significantly positively correlated with manganese (Mn) in the
Eastern Cape (Table S17). For bacterial communities, there were 247
significant correlations in Gauteng, 137 in Eastern Cape, and 155 in
Northern Cape (Table S18). Taken together, this indicates that soil
elemental composition may impact the overall fungal communities,
while different elements appear to have specific impacts on bacterial
genera.

4. Discussion

We tested a series of hypotheses to better understand the biotic and
abiotic drivers that influence African savannah soil microbiomes, and
the role that Trinervitermes termites and their symbionts may play in
governing these microbial landscapes. In support of our first hypothesis
and aligning with previous work on other termite species (Baker et al.,
2020; Chen et al., 2021b; Jouquet et al., 2011; Soukup et al., 2021), we
found compositionally different microbial communities between mound
compartments, emphasizing the role of termites in changing microbial
communities in their immediate soil habitats. Previous work has
attributed these effects to termite-driven modulation of soil properties
and heterogeneity (Baker et al., 2020; Chen et al., 2021a). Despite only
observing Podaxis fruiting bodies on a subset of mounds, we detected
Podaxis ASVs in most samples, including in 83.3 % of samples from
outside mounds. This contradicted our second hypothesis that Podaxis
would be more prevalent within mounds (and particularly in grass

chambers) than surrounding soil. We also did not find support in favour
of our hypothesis that Podaxis presence would impact mound-associated
microbial communities, neither based on fruiting body presence/
absence nor based on Podaxis prevalence in the amplicon dataset. This
may be because members of the fungal genus only rarely dominate
communities, as only 17 within-mound samples had >10 % relative
abundance of Podaxis. We did, however, find some support for the hy-
pothesis that differences in soil element composition between provinces
associate with fungal community compositions and have taxon-specific
effects on bacteria. In the following, we discuss our findings in light of
how abiotic and biotic factors ultimately affect fungal and bacterial
microbiomes of savannah soils from local to ecosystem scales.

Our findings support that environmental conditions and abiotic soil
properties across geographical sites are principal determinants of fungal
and bacterial community compositions. This aligns with global abiotic
drivers of soil microbiomes, where habitat type and environmental
variables such as precipitation and temperature strongly influence
fungal and bacterial soil communities (Cowan et al., 2022; Islam et al.,
2020; Vasar et al., 2022). The additional effects of specific soil elements
influencing either communities as a whole or specific microbial taxa
imply that microbial community compositions are governed by complex
multifaceted drivers. This ultimately led to distinct separation of mi-
crobial communities by sampling province, implying that different
geographic regions will exhibit distinct microbial communities as a
consequence of specific biogeochemical cycles and microbial soil
processes.

Against this geographic backdrop, termite activities further shape
microbial community compositions and diversity as the separation be-
tween regions was lower in samples collected within termite mounds
than outside soils. A series of previous works have eluded to how termite
engineering activities change mound soil properties (Brossard et al.,
2007; Jouquet et al., 2007), howmound-adjecent soils contain microbial
taxa of termite origins (Jouquet et al., 2005; Li and Greening, 2022), and
how mound soils are infused by compounds from termite saliva (Wood,
1988). Our findings of reduced within-mound fungal diversity suggest
that these factors affect particularly fungal taxa, which has also been
documented within mounds of Australian Amitermes meridionalis grass-
cutting termites (Chen et al., 2021b). We did not observe comparable
impacts on bacterial diversity, which contrasts findings from other
termite taxa, where bacterial diversity was found to be either higher

Fig. 6. Distance-based ReDundancy Analysis (dbRDA) plots of bacterial and fungal communities in different sampling locations. Arrows represent the influence of
different environmental variables on driving the observed community compositions. The length of arrows are associated with the effect of each variable. Statistical
results of envfit analyses corresponding to the influence of environmental variables can be found in Table S14.
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(Baker et al., 2020) or lower (Chen et al., 2021b) within mounds than in
surrounding soils. These apparently conflicting results could be driven
by species-specific differences in how termite activities affect soil
properties, and particularly the extent to which the termites deposit gut
bacteria in mound soils.

Termite governance of microbial landscapes within mounds were
somewhat apparent within our microbial network structures. More
modular fungal networks (more compartmentalized interactions be-
tween groups of taxa), along with lower ratios of negative to positive
interactions within termite mounds, suggest interactions between more
ecologically similar fungal taxa within than outside mounds (c.f. Her-
nandez et al., 2021). This could be driven by the filtering properties of
uniform mound environments (e.g., regarding temperature, water and
nutrient contents, and termite effects) only permitting fungal taxa with a
narrower ecological niche to persist. Bacterial co-occurrence networks
were more modular in grass chambers and outside soils than mound wall
communities. This is likely to be driven by differences in nutrient
availability, as more modular bacterial networks have been observed in
nutrient-richer surface habitats than nutrient-poorer subterranean caves
(Reboleira et al., 2022). Collectively, these findings point to a stronger
role of termites in structuring the diversity and composition of fungal
than bacterial communities, with the latter seemingly being more
affected by nutrient levels. However, caution must be taken when
interpreting networks as they indicate potential associations based on
amplicon data rather than realized interactions between microbes.

Contrary to our expectations, Podaxis did not dominate the grass

chamber communities and also did not appear to affect mound micro-
biomes, neither when evaluating fruiting body presence nor the abun-
dance of ITS sequences. However, we should note that only one of 49
sampled colonies was apparently free from Podaxis, limiting the power
of our analyses. Future work extending comparisons of elements and
Podaxis presence is needed to unambiguously establish factors govern-
ing its presence and abundance with termite colonies. The near omni-
presence of Podaxis with T. trinervoides suggests that evaluating
presence/absence of Podaxis might not be sufficient to decipher what
governs its presence, nor effects on other microbes, which could instead
potentially be achieved through comparisons to termite species that do
not host Podaxis. Expanding sampling beyond South Africa would also
allow more extensive exploration of the combined effects of habitat,
elements, abiotic conditions, and climate, on termite symbiosis with
Podaxis.

While we tentatively conclude that Podaxis does not affect microbial
communities of termite mounds, future work to delve deeper into the
prevalence of the fungal genus in these environments may help unravel
interactions. There are at least seven species of Podaxis in South Africa,
of which four appear exclusively associated with T. trinervoides and three
are free-living (Conlon et al., 2016; Conlon et al., 2021; Li et al., 2023).
The low resolution of short ITS sequences was insufficient to robustly
assign ASVs to species in our study, precluding establishing if symbiotic
species exclusively exist within termite colonies. Given the prevalence of
the fungal genus across mound and environmental samples, and given
the prolific metabolic potential of species of Podaxis with both lifestyles

Fig. 7. Soil elemental composition differed markedly across sampling provinces and the elemental composition similarity associated significantly with the fungal
community similarity, not with the bacterial community similarity. A and B. PCA plots of soil elemental composition differences between sampling provinces and
sample locations. Colours represent the presence/absence of Podaxis fruiting bodies (A) and Podaxis ITS sequences (B). C and D represent the associations of soil
elemental composition dissimilarity with fungal (C) and bacterial (D) community dissimilarity. Statistics for these associations were done with Mantel correlations,
but trend line represent the linear relationships (grey area around the trend line represent the standard error of the datapoints).
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(Guo et al., 2022), future work should address the extent to which
species segregate by niches and explore their interactions with respec-
tive fungal and bacterial communities.

In conclusion, our findings imply that soil microbial communities in
African savannah ecosystems are primarily governed by geography,
driven by regional climatic and elemental composition effects, and
secondarily modulated by termite ecosystem engineering activities.
Sequential effects at these scales are logical and imply that conceivable
changes of soil processes are likely to be affected by changing climates,
but also by termite species assemblies that interact with and impact soil
properties and microbial communities. These interconnected scales
should be explored further, as climate, plant cover and other ecosystem-
level changes should predictably also affect termite-mound
microbiomes.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.177015.
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Conlon, B.H., Gostinčar, C., Fricke, J., Kreuzenbeck, N.B., Daniel, J.-M., Schlosser, M.S.
L., et al., 2021. Genome reduction and relaxed selection is associated with the
transition to symbiosis in the basidiomycete genus Podaxis. iScience 24, 102680.
https://doi.org/10.1016/j.isci.2021.102680.

Conway, J.R., Lex, A., Gehlenborg, N., 2017. UpSetR: an R package for the visualization
of intersecting sets and their properties. Bioinformatics 33, 2938–2940. https://doi.
org/10.1093/bioinformatics/btx364.

Cowan, D.A., Lebre, P.H., Amon, C.E.R., Becker, R.W., Boga, H.I., Boulangé, A., et al.,
2022. Biogeographical survey of soil microbiomes across sub-Saharan Africa:
structure, drivers, and predicted climate-driven changes. Microbiome 10, 131.
https://doi.org/10.1186/s40168-022-01297-w.

Csardi G, Nepusz T. The igraph software package for complex network research.
InterJournal, Complex Systems 2006. https://igraph.org.

Dangerfield, J.M., McCarthy, T.S., Ellery, W.N., 1998. The mound-building termite
Macrotermes michaelseni as an ecosystem engineer. J. Trop. Ecol. 14, 507–520.
https://doi.org/10.1017/S0266467498000364.

Davis, N.M., Proctor, D.M., Holmes, S.P., Relman, D.A., Callahan, B.J., 2018. Simple
statistical identification and removal of contaminant sequences in marker-gene and
metagenomics data. Microbiome 6, 226. https://doi.org/10.1186/s40168-018-
0605-2.

Drummond, A.J., Suchard, M.A., Xie, D., Rambaut, A., 2012. Bayesian phylogenetics
with BEAUti and the BEAST 1.7. Mol. Biol. Evol. 29, 1969–1973. https://doi.org/
10.1093/molbev/mss075.

Edgar, R.C., 2004. MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res. 32, 1792–1797. https://doi.org/10.1093/nar/
gkh340.

Friedl, M., Sulla-Menashe, D., 2022. MODIS/Terra+Aqua Land Cover Type Yearly L3
Global 500m SIN Grid V061. In: Center NELPDAA (Ed.).

Gorelick, N., Hancher, M., Dixon, M., Ilyushchenko, S., Thau, D., Moore, R., 2017.
Google earth engine: planetary-scale geospatial analysis for everyone. RSE 202,
18–27. https://doi.org/10.1016/j.rse.2017.06.031.

Guo H, Daniel J-M, Seibel E, Burkhardt I, Conlon BH, Görls H, et al. Insights into the
metabolomic capacity of Podaxis and isolation of podaxisterols A–D, ergosterol
derivatives carrying nitrosyl cyanide-derived modifications. J. Nat. Prod. 2022; 85:
2159–2167. https://doi.org/10.1021/acs.jnatprod.2c00380.

Hernandez DJ, David AS, Menges ES, Searcy CA, Afkhami ME. Environmental stress
destabilizes microbial networks. ISME J. 2021; 15: 1722–1734. https://academic.
oup.com/ismej/article/ 15/6/1722–1734/7474624.

Ihrmark, K., Bodeker, I.T., Cruz-Martinez, K., Friberg, H., Kubartova, A., Schenck, J.,
et al., 2012. New primers to amplify the fungal ITS2 region-evaluation by 454-

K.H. Bodawatta et al. Science of the Total Environment 957 (2024) 177015 

12 

https://doi.org/10.1016/j.scitotenv.2024.177015
https://doi.org/10.1016/j.scitotenv.2024.177015
https://doi.org/10.5281/zenodo.13895044
https://doi.org/10.4001/1021-3589-16.2.153
https://doi.org/10.4001/1021-3589-16.2.153
https://doi.org/10.1111/mec.15585
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1007/s00374-006-0121-6
https://doi.org/10.1007/s00374-006-0121-6
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1016/j.soilbio.2020.108073
https://doi.org/10.1016/j.soilbio.2020.108073
https://doi.org/10.1111/1462-2920.15507
https://doi.org/10.1038/s41396-020-0722-3
https://doi.org/10.1038/s41396-020-0722-3
https://doi.org/10.1073/pnas.2102625118
https://doi.org/10.1073/pnas.2102625118
https://doi.org/10.1016/j.funbio.2016.05.011
https://doi.org/10.1016/j.isci.2021.102680
https://doi.org/10.1093/bioinformatics/btx364
https://doi.org/10.1093/bioinformatics/btx364
https://doi.org/10.1186/s40168-022-01297-w
https://igraph.org
https://doi.org/10.1017/S0266467498000364
https://doi.org/10.1186/s40168-018-0605-2
https://doi.org/10.1186/s40168-018-0605-2
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/nar/gkh340
http://refhub.elsevier.com/S0048-9697(24)07172-9/rf0105
http://refhub.elsevier.com/S0048-9697(24)07172-9/rf0105
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.1021/acs.jnatprod.2c00380
https://academic.oup.com/ismej/article/
https://academic.oup.com/ismej/article/


sequencing of artificial and natural communities. FEMS Microbiol. Ecol. 82,
666–677. https://doi.org/10.1111/j.1574-6941.2012. 01437.x.

Islam, W., Noman, A., Naveed, H., Huang, Z., Chen, H.Y.H., 2020. Role of environmental
factors in shaping the soil microbiome. Environ. Sci. Pollut. Res. 27, 41225–41247.
https://doi.org/10.1007/s11356-020-10471-2.

Jarvis, A., Reuter, H.I., Nelson, A., Guevara, E., 2008. Hole-Filled SRTM for the Globe
Version 4, Available from the CGIAR-CSI SRTM 90m Database.

Jouquet, P., Ranjard, L., Lepage, M., Lata, J.C., 2005. Incidence of fungus-growing
termites (Isoptera, macro- termitinae) on the structure of soil microbial
communities. Soil Biol. Biochem. 37, 1852–1859. https://doi.org/10.1016/j.
soilbio.2005.02.017.

Jouquet, P., Bottinelli, N., Lata, J.-C., Mora, P., Caquineau, S., 2007. Role of the fungus-
growing termite Pseudacanthotermes spiniger (Isoptera, Macrotermitinae) in the
dynamic of clay and soil organic matter content. An experimental analysis.
Geoderma 139, 127–133. https://doi.org/10.1016/j.geoderma.2007.01.011.
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2016. Termites: the neglected soil engineers of tropical soils. Soil Sci. 181, 157–165.
https://doi.org/10.1097/SS.00000000000001 19.

Katoh, K., Standley, D.M., 2013. MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol. Biol. Evol. 30, 772–780. https://
doi.org/10.1093/molbev/mst010.

Kembel, S.W., Cowan, P.D., Helmus, M.R., Cornwell, W.K., Morlon, H., Ackerly, D.D.,
et al., 2010. Picante: R tools for integrating phylogenies and ecology. Bioinformatics
26, 1463–1464. https://doi.org/10.1093/bio- informatics/btq166.

Kurtz, Z.D., Muller, C.L., Miraldi, E.R., Littman, D.R., Blaser, M.J., Bonneau, R.A., 2015.
Sparse and compositionally robust inference of microbial ecological networks. PLoS
Comput. Biol. 11, e1004226. https://doi.org/10.1371/journal.pcbi.1004226.

Lahti, L., Shetty, S., 2017. Tools for Microbiome Analysis in R. https://microsud.github.
io/Tools-Microbiome-Analysis/.

Latham, J.S., He, C., Alinovi, L., DiGregorio, A., Kalensky, Z., 2002. FAO methodologies
for land cover classification and mapping. In: Walsh, S.J., Crews-Meyer, K.A. (Eds.),
Linking People, Place, and Policy. Springer, Boston, MA, USA.

Lenth, R.V., 2023. Emmeans: Estimated Marginal Means, aka Least-Squares Means. R
package version 1.8.8.

Li, G.S., Leal-Dutra, C.A., Cuesta-Maté, A., Conlon, B.H., Peereboom, N.,
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