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Greater change in arbuscular mycorrhizal fungal
richness as a response to short-term rainfall
exclusion across the North American
monsoon season

Jonathan R. Dickey1,2,* and James A. Fordyce1

Arid ecosystems around the world are projected to experience reduced and more infrequent precipitation
events.The effects of reduced rainfall are well understood for plants and aboveground interactions; however,
the effect of rainfall on belowground microbial interactions remains understudied. Here, we illustrate the
strength and direction of change that short-term manipulative rainfall exclusion treatments have on the
composition and relative abundance of Arbuscular Mycorrhizal (AM) fungal communities throughout
the monsoon season in the Sonoran Desert. Additionally, we use these rainfall exclusion treatments to
further understand the impact of soil moisture on labile forms of nitrogen and phosphorous in a natural
environment. Rainfall exclusion treatments were installed to remove 0% (control), 60% (moderate
exclusion), and 80% (high exclusion) of rainfall over a single wet season. AM fungal community composition
varied among rainfall treatments and across the monsoon season, where change was dependent on initial
conditions within treatments. Phosphorous content was also a strong predictor of AM fungal composition
and relative abundance. By the end of the season, the difference in AM fungal richness was influenced by
rainfall exclusion, with the greatest positive change in richness in the moderate rainfall exclusion treatments.
Lastly, AM fungal community turnover was predicted by rainfall exclusion treatments, where rainfall
contributed to greater turnover in the control treatment in comparison to other treatments. This study
further illustrates the complex association between soil abiotic factors, how they are influenced by
environmental stress, and how in turn cause shifts in AM fungal communities.

Keywords: Arbuscular mycorrhizal fungi, Rainfall exclusion, Sonoran Desert, Community ecology, 18S rRNA
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Introduction
As climate change alters seasonal weather patterns, inter-
actions among organisms can become decoupled through
range shifts or changing phenology (Van Der Putten et al.,
2010). Arid regions around the world are predicted to
experience stark reductions in seasonal precipitation
while global temperatures begin to rise (Diffenbaugh and
Giorgi, 2012). The North American Monsoon (NAM) sea-
son, present in Southeastern Arizona and Western New
Mexico, provides roughly 40% of the regions mean annual
precipitation (Mitchell et al., 2002). This seasonal effect
has been shifting spatiotemporally and becoming difficult
to predict under future climate conditions (Comrie and
Glenn, 1999; Demaria et al., 2019). Climate models have

illustrated the importance seasonal precipitation and tem-
perature have on plants, animals, and, thus, the interac-
tions among them (Bradie and Leung, 2017). Plants also
have numerous belowground interactions with microor-
ganisms, such as bacteria and fungi, whereby mutualistic
associations provide vital access to nutrients, water, as well
as resistance to pathogens (Newsham et al., 1995). For
example, these associations promote plant productivity,
affect plant defense strategies, and influence overall
health (Van Der Heijden et al., 2008; Lau and Lennon,
2011). Yet, there remains a need to understand how chang-
ing seasonal precipitation regimes in dry, arid climates
might affect plant–fungal interactions.

Arbuscular mycorrhizal (AM) fungi are a clade of plant
host-associated microorganisms (Glomeromycotina) that
form associations with over 70% of terrestrial plant spe-
cies within the rhizosphere microhabitat (Soudzilovskaia
et al., 2020). AM fungi are highly abundant in soils and
have a wide distribution globally, extending from tropical
forests to grasslands (Hayman, 1982). The communities of
AM fungi are the key components of soil nutrient cycles,
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exchanging phosphorous, nitrogen, and other trace
minerals with plant-derived carbohydrates and lipids
(Allen, 1991). At a regional scale, AM fungal communities
and the type of symbiosis (e.g., parasitism, commensalism,
mutualism) are often more strongly predicted by environ-
mental factors than plant hosts or dispersal limitation
(Johnson et al., 2010; Kivlin et al., 2014). These environ-
mental factors could be one or more of the following: soil
fertility (soil organic matter content; Anderson et al.,
1984), soil moisture (Miller, 2000; Gao et al., 2016), soil
pH (Green et al., 1976), soil texture (e.g., silt, sand, etc.;
Johnson et al., 1992), and soil nutrients (Johnson et al.,
2010). The changes in soil moisture or H2O saturation can
also influence the labile nature of soil abiotic factors of
the rhizosphere (Deepika and Kothamasi, 2015; Kanwal
et al., 2015; Bobille et al., 2019). Therefore, it is important
to investigate the relative importance perturbations in soil
moisture have on AM fungal communities through both
direct and indirect pathways.

Environmental stress can also have large direct
consequences on AM fungal community composition and
relative abundance (Hernandez et al., 2021). Stress can
range from increased seasonal temperatures (Zhou et al.,
2016) to changes in precipitation regimes (Waring and
Hawkes, 2015). AM fungi have been shown to be exist in
a wider range of annual precipitation than other mycorrhi-
zal fungi (Tedersoo et al., 2014), and thus, AM fungi have
been regarded as key regulators of plant stress brought on
by drought (Birhane et al., 2012). For example, in green-
house experiments, seasonal drought was induced through
water pulsing, where irregular water regimes have a positive
effect on AM fungal colonization and persistence in com-
parison to treatments with a continuous supply of water
(Birhane et al., 2012). AM fungi confer drought tolerance in
plants by increasing osmotic adjustment and regulating
stomatal conductance, reducing transpiration and leading
to enhanced plant growth and vigor (Wu, 2017). In natural
environments, AM fungal communities may be predisposed
to tolerate drought conditions based on prior rainfall his-
tory (Kuehn et al., 1991). Deveautour et al. (2020) con-
cluded that under reduced rainfall, estimated AM fungal
alpha diversity is larger in comparison to the control treat-
ment (ambient rainfall). On the other hand, plants that
experienced complete rainfall removal, or higher environ-
mental stress, showed lower alpha diversity estimates than
the control and the reduced rainfall treatment. Thus, there
lacks a consensus regarding the direction and magnitude of
change in composition as soil moisture varies among eco-
system types and temporal scales.

In this study, we examine the relative importance of
manipulative rainfall exclusion, local soil abiotic factors,
and sampling date have on rhizospheric AM fungal com-
munities across the NAM season of 2019. We first ask,
what is the strength and direction of change in AM fungal
communities (i.e., composition, richness, and turnover) in
response to the manipulation of seasonal rainfall in the
Sonoran Desert? And secondly, what is the relative influ-
ence soil abiotic factors and sampling date have on these
communities? To answer these questions, experimental
rainfall exclusion treatments were set up over the course

of the monsoon season (June 2019–August 2019) to
remove 0% (ambient rainfall/control), 60% (moderate
exclusion), and 80% (high exclusion) of seasonal rainfall.
Soil abiotic factors and AM fungal communities were sam-
pled at the beginning and end of the monsoon season.
Due to the complex ecological communities found in the
rhizosphere microhabitat, there are 2 predictive hypothe-
ses that were derived from our questions. First, with
reduced rainfall, AM fungal communities could show no
observed net gain or loss in taxa across the monsoon
season in response to rainfall exclusion, as AM fungi have
been noted to have higher desiccation tolerance than
other fungal clades, such as ectomycorrhizal fungi (Allen,
1991). Alternatively, AM fungal communities could differ
in turnover among rainfall exclusion treatments with
ambient seasonal rainfall contributing to greater commu-
nity turnover than rhizosphere communities that undergo
rainfall exclusion throughout the NAM season. This could
be a result of the plant-host growing season contributing
to AM fungal community succession (Santos-González
et al., 2007; Dumbrell et al., 2011). Understanding the
response of plant-host associated AM fungal communities
to drier microhabitats could shed light on how AM fungi
might continue to associate with hosts in more extreme,
future climate conditions.

Materials and methods
Experimental design

Monsoon rainfall occurs in the Sonoran Desert ecoregion of
the United States around late June–mid August. This rain-
fall often influences how organisms interact and can help
maintain population-level persistence throughout the
remaining portion of the year. This season can function as
a natural experiment to manipulate seasonal rainfall inten-
sity on a stable plant population and their interactions with
arbuscular mycorrhizas. Monsoon rainfall exclusion shelters
were established following guidelines outlined in Beier
et al. (2012). Three treatments were established at the
beginning of June 2019, a control treatment that received
no rainfall exclusion (n ¼ 22), moderate rainfall exclusion
(n ¼ 22), and high rainfall exclusion (n ¼ 22). Short-term
rainfall exclusion shelters were constructed of 6-mil heavy-
duty clear plastic sheeting with 60% (moderate exclusion),
or 80% (high exclusion), or 100% (control treatment) of
a 1-m2 surface area removed (Figure 1). Rainfall exclusion
shelters were supported by two 30-cm and two 64-cm
wooden landscape stakes and four 1-m wooden dowels
along each edge. This design raised one edge of the shelter
higher than the other providing airflow and to allow rain-
fall water to run off plot to ensure soil moisture manipu-
lation. Each sampled plant rhizosphere was centered in the
middle of each exclusion shelter. Lupinus neomexicanus
Greene and herbaceous legume were chosen as an experi-
mental system because of an elongated flowering time
allowing for consistent identification throughout the mon-
soon season. This allowed us to ensure that all plants sam-
pled were within the same life stage and had similar
aboveground biomass. This species is endemic to midrange
elevations (1,600–2,000 m) in Southern Arizona (e.g.,
31�53’50.3"N 109�16’38.5"W).
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Sampling soil abiotic factors

The rhizosphere soil microhabitat was sampled twice,
once prior to the monsoon season (Date A; June 2019)
and once at the tail end of the monsoon season (Date
B; August 2019). Baseline estimates for AM fungal com-
munity structure, soil moisture, and other soil abiotic
factors are from the first sampling period prior to mon-
soon shelter establishment. Soil was dried in a labora-
tory oven for 48 h at 54�C. Soil moisture content was
measured as the difference in soil weight between field
wet soil and oven dried soil divided by the weight of
oven dried soil (Standards Association of Australia,
1977). By the end of the monsoon season, the high
rainfall exclusion treatment was on average 1.66 ±
0.29 g water/g soil drier than the moderate rainfall
exclusion treatment and 2.64 ± 0.17 g water/g soil
drier than the control treatment. To estimate soil abi-
otic factors (e.g., ammonium, nitrate, and phosphorous)
in the rhizosphere environment, all rhizosphere sam-
ples were subsampled twice (2 g of rhizosphere soil per
subsample) and extracted with potassium sulfate and
then analyzed in triplicate (K2SO4; Brookes et al.,
1985; Vance et al., 1987; Wu et al., 1990). Since AM
fungi play a pivotal role in nitrogen cycling, nitrogen
was measured in 2 ways (ammonium and nitrate).
Ammonium was measured using the indophenol-blue
Berthelot method (Weatherburn, 1967; Verdouw et al.,
1978), and a vanadium (III) chloride acid solution and
Griess reagents (Mulvaney, 1996) were used to extract
nitrate from the K2SO4 samples. Phosphorous content
for each rhizosphere sample was measured by a reaction
between the K2SO4 extractions, ammonium para-
molybdate (AMP), concentrated sulfuric acid, and
a malachite green solution (Lajtha et al., 1999).

Sampling AM fungal communities

AM fungal communities were sampled using sterilized,
handheld soil cores and stored in Nasco Whirl-Paks (Nasco,
Fort Atkinson, WI, USA). All field equipment was surface
sterilized with 70% ethanol and soil particulates were
removed in-between sampling. To collect AM fungal com-
munities, the sterilized soil core was pushed approxi-
mately 5–7 cm into the rhizosphere microhabitat along
the root base, where the plant stem meets the soil. All
rhizosphere samples were stored on dry ice until tempo-
rary storage (�80�C) at the Southwest Research Station in
Portal, AZ, USA. Samples were then shipped on dry ice to
the University of Tennessee, Knoxville, and immediately
stored at �80�C upon arrival. Prior to DNA isolation, all
rhizosphere soil samples were thawed for 1 h at room
temperature. DNA isolation proceeded with 250 mg of
rhizosphere soil per sample and the DNeasy PowerSoil
HTP 96 Kit (MoBio Laboratories, Inc., Carlsbad, CA, USA).
The final elution volume was modified, so that 50 mL of
Solution C6 was used. Additionally, the solutions sat on
the DNA membrane for 5 min at room temperature prior
to centrifuging the concentrated DNA down into a sterile
96 well collection plate.

AM fungal specific libraries of the 18S rRNA gene were
amplified using a nested PCR protocol (Kivlin et al., 2021).
The first reaction utilized the primer pair NS1/NS4, which
amplified approximately a 1,200 bp product (White et al.,
1990; Raja et al., 2017). The forward NS1 primer sequence
was 50-GTAGTCATATGCTTGTCTC-30 and the reverse NS4
primer sequence was 50-CTTCCGTCAATTCCTTTAAG-30.
Each reaction used 2.5 mL of the DNA template, 5 mL of
both the forward and reverse primers, and 12.5 mL of
KAPA HiFi HotStart Ready Mix (KAPA Biosystems,Wilming-
ton, MA, USA). This reaction ran at 95�C for 3 min,

Figure 1. Rainfall exclusion treatment design. Rainfall exclusion treatment designs to manipulate monsoon rainfall
on arbuscular mycorrhizal fungal communities of the rhizosphere with 60% (moderate) exclusion, 80% (high)
exclusion, and no shelter (control treatment).
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followed by 30 cycles of 95�C for 30s, 40�C for 1 min, and
72�C for 1 min with a final elongation step of 72�C for 10
min. These reactions produced 25 mL of PCR product. The
following reaction amplified approximately 550 bp with
the mixed primer pair, NS31 and AML2, which contain the
sequences 50-TTGGAGGGCAAGTCTGGTGCC-30 and 50-
GAACCCAAACACTTTGGTTTC-30, respectively (Simon
et al., 1992; Lee et al., 2008). These reactions required
2.5 mL of product from the first reactions, 5 mL of NS31
and AML2, and 12.5 mL of KAPA HiFi HotStart Ready Mix.
They began with 95�C for 5 min followed by 40 cycles of
95�C for 45 s, 63.1�C for 1 min, and 72�C for 1.5 min with
a final elongation step of 72�C for 10 min. This nested PCR
produced 25 mL of AM fungal specific 18S rRNA gene
product per sample. All 18S PCR products were then
stored at �20�C until further use.

PCR products were combined with 20 mL of Agencourt
AMPure XP magnetic beads, placed on a plate magnet,
and rinsed twice with 200 mL of 80% ethanol for product
purification. The remaining ethanol was allowed to evap-
orate before purified product was resuspended in 50 mL of
Tris-HCl. Purified products were stored at �20�C until 18S
rRNA communities per sample were multiplexed. Each
sample was multiplexed with a forward and reverse index
primer, which are specifically designed for cluster genera-
tion on an Illumina MiSeq flow cell (Illumina Corporation,
San Diego, CA, USA). These primers were obtained from
the i5/i7 Nextera XT Index Kit. For the indexing PCR, 5 mL
of purified PCR product from the previous reaction is
required, along with 5 mL of the uniquely combined for-
ward and reverse Nextera index primers, 25 mL of KAPA
HiFi HotStart Ready Mix, and 10 mL of sterile nuclease free
water. These reactions ran for an initial cycle of 95�C for
3 min followed by an 8-cycle sequence of 95�C for 3 s,
55�C for 30 s, and 72�C for 30 s and held at 72�C for 5 min.
These reactions yielded 50 mL of product that was purified
with 56 mL of Agencourt AMPure XP magnetic beads, and
2 washes of 220 mL freshly prepared 80% ethanol. Cleaned
and purified product was then resuspended in 25 mL of
Tris-HCl. All DNA libraries were then pooled by equal con-
centrations. The pooled solution was diluted to 4 pM with
Tris and loaded onto a V3 flow cell with a 20% PhiX spike.
This flow cell was run on an Illumina MiSeq instrument at
the University of Tennessee Genomics Core, Knoxville, TN,
USA, set to a 2 � 300 paired end cycle.

Bioinformatics

Demultiplexing was completed by the Illumina MiSeq
instrument prior to all other processing. 18S rRNA gene
amplicon sequencing data were processed with the open-
source DADA2 pipeline version 1.8 (https://github.com/
benjjneb/dada2) and R version 3.5.2. Amplification pri-
mers for reads corresponding to 18S rRNA genes were
trimmed at the 50 end according to the length of the
primer (NS31: 21 and AML2: 21). For 18S, all forward and
reverse reads were truncated at 275 and 270 base pairs
and filtered to remove reads below Q ¼ 30. Error rates for
the forward and reverse reads were generated by perform-
ing sample inference and error estimations repeatedly
until congruence was met. Next, the derepFastq function

was used in the DADA2 package to dereplicate amplicons
for every sample. Here, sequences with 99% similarity were
grouped, and creating unique amplicon sequence variants
(ASVs) and read abundance was totaled (Callahan et al.,
2016). Forward and reverse sequence reads were concate-
nated since the amplicon length for the AM fungal specific
target region within the 18S rRNA gene is too long, such
that sufficient overlap in reads was negligible between
pairs. Chimeras were detected across all samples and were
tossed from the data set using the removeBimeraDenovo
function. Across all rhizosphere samples, fungal ASVs with
less than 12 reads were filtered out of the data set.

The decostand function in the vegan package v.2.5-6
(Oksanen et al., 2019) was used to proportionally stan-
dardize all AM fungal ASVs within sample (method ¼
“total”). Next, all AM fungal ASVs were matched against
the MaarjAM database, an AM fungal sequence repository
for the NS31/AML2 primer pair, using BLAST, the Basic
Local Alignment Search Tool (Öpik et al., 2010). The pro-
gram Practical Alignment using Saté and TrAnsitivity (Mir-
arab et al., 2015) was used to conduct multiple sequence
alignment with MAFFT software (Katoh and Standley,
2013). Then, the aligned FASTA file was used to infer
a maximum likelihood phylogenetic tree using FastTree-2
(Price et al., 2010). FastTree-2 created a generalized time-
reversible CAT model of rate heterogeneity to estimate
18S rRNA phylogeny. Lastly, the treePL program was uti-
lized to correct for differences in divergence time among
branch lengths using a penalized likelihood approach
(Smith and O’Meara, 2012). To understand how sensitive
our inferences are to differences in sampling effort, we
rarefied to the lowest number of reads among samples
(1,768) for 1,000 iterations, creating 1,000 rarefied AM
fungal communities per sample.

Statistical analyses

To address the question, to what extent does AM fungal
community composition respond to monsoon rainfall
exclusion, sampling date, and soil abiotic factors, a dis-
tance-based redundancy analysis (dbRDA) was utilized (R
package vegan, Oksanen et al., 2019). The quantitative
Jaccard distance (also known as the Ružička distance) was
used to test community dissimilarity in composition
among rainfall exclusion treatments, sampling date, and
soil abiotic factors. A distance matrix was calculated for
each of the 1,000 rarefied communities and a mean dis-
tance matrix was calculated for incorporation into model
selection. Forward stepwise model selection on the
dbRDA analysis was completed using the function ordiR2-
step in the vegan package (permutations¼ 1,000). The full
scope incorporated into model selection had the following
variables as main effects: rainfall exclusion treatment,
sampling date, log of phosphorous, log of ammonium,
and the square root of nitrate. Model selection on the
dbRDA using the mean quantitative Jaccard distance from
1,000 rarefied communities determined rainfall exclusion
treatment and log of phosphorous as main effects. For
hypothesis testing, an analysis of variation (permutations
¼ 9,999) was conducted on this dbRDA. A constrained
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ordination was made from this model using the 2 most
predictive axes and their associated species scores.

Hill numbers were used to examine the effective num-
ber of AM fungal ASVs (qD) associated with each treatment
and date (Hill, 1973). The effective number of AM fungal
ASVs (D) is sensitive to the order of diversity (q), and the
importance of rarer ASVs is reduced when calculating
diversity as the value of q increases. For instance, q ¼ 0
represents species richness, where rare and common ASVs
are weighted equally. At q ¼ 1 (exponential Shannon’s
entropy), ASVs are weighted by their proportional abun-
dance. Lastly, q ¼ 2 is the inverse of the Simpson’s index,
where rare ASVs are downweighted when calculating the
effective number of AM fungal ASVs.

We fitted Bayesian linear models to assess D AM fungal
richness and community turnover associated with rainfall
exclusion treatment at q ¼ 0, 1, and 2. This was accom-
plished using the brms package (Bürkner, 2017), which
calls the probabilistic programming language Stan (Car-
penter et al., 2017). D AM fungal richness was calculated
as the difference in the effective number of AM fungal
ASVs across the monsoon season (Date A� Date B) for each
rhizosphere sample. Community turnover was calculated as
1—the pairwise beta diversity for each rhizosphere, thus
providing the proportional change in community compo-
sition between Date A and Date B. Each model used 4

Markov chain Monte Carlo (MCMC) chains, each with
2,000 iterations with a starting warmup period made up
of 1,000 iterations and 1,000 post-warm up draws. The
default priors provided by the brms package were used for
all models. Chain convergence was confirmed using the
Gelman–Rubin convergence statistic (R hat ¼ 1 for all
models). Effective sample size for all models was >3,000.
Inferences were based on examining the 95% highest
density interval of model parameters calculated using the
hdi function in the HDInterval package (v. 0.2.2) (Meredith
and Kruschke, 2020). Hypotheses regarding differences in
D AM fungal richness and community turnover among
treatments were examined using the posterior
joint probability distribution for the parameters using the
hypothesis() function in brms, which provides the propor-
tion of times a parameter is either greater than, or less then,
another parameter across MCMC steps, in this case zero
where zero represents no change in D AM fungal richness
and community turnover. D AM fungal richness and AM
fungal community turnover were further analyzed using
standardized abundance ASV data and rarefied data to con-
firm that Bayesian inference was robust against the differ-
ences in reads among samples.

To examine the phylogenetic community structure
among rainfall exclusion treatments, we used a phyloge-
netically informed Hill number approach at q ¼ 1 for

Figure 2. Heatmapof arbuscularmycorrhizal (AM) fungi recovered through sequencing.Heat map tree illustrating
the AM fungal variants recovered from Illumina MiSeq run from this study. A number of AM fungal variants are
represented here as presence/absence, where darker pink colors and larger circles show higher abundance.
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alpha diversity, which is analogous to a phylo-Horn
N-assemblage overlap measure (Chao et al., 2010). This
measure considers phylogenetic relationships by calculat-
ing the effective number of AM fungal ASVs (richness)
given relative abundance and a phylogenetic tree. At
q ¼ 1, we used the hill_div function in the hilldiv package
v.1.5.1 for proportional abundance data and all rarefied
community data (Alberdi and Gilbert, 2019).We calculated
the phylogenetically informed D AM fungal richness
across the monsoon season for each sample and modeled
it as a fitted Bayesian linear model as described above.
The same one-sided hypothesis was used to test significant
patterns in phylogenetically informed D AM fungal rich-
ness among treatments.

Results
Summary

After running the DADA2 customized pipeline as
described above, a total of 34,011 ASVs were generated.
Based on the best practices for sequencing and analyzing
AM fungal communities, ASVs with less than 10–12 reads
(for this study <12 was chosen as the threshold) were
omitted from the data set. This resulted in a total of
5,012 ASVs that correspond to the 18S rRNA gene region.
After ASVs were confirmed to be AM fungi in the MaarjAM
database, 5,011 ASVs remained in the final data set. One
ASV did not match any taxa from the MaarjAM database
and was removed. All other reads were assigned to the
subphylum Glomeromycotina (Soudzilovskaia et al.,

2020). Figure 2 illustrates the relative abundance in reads
assigned to the subphylum Glomeromycotina and the dis-
tribution of these reads among orders and families within
this subphylum. AM fungal communities from Date A,
prior to the onset of rainfall exclusion treatment, were
utilized as a baseline understanding of AM fungal diversity
and relative abundance present in the L. neomexicanus
rhizosphere. Of the 4 orders within Glomeromycotina; Glo-
merales, Diversisporales, Paraglomerales, and Archaeospor-
ales represented 80%, 10%, 6%, and 4% of reads
recovered. The genus Glomus was the most abundant
genus recovered from the rhizosphere microhabitat, repre-
senting approximately 67% of all total reads at Date A.
Further, the second most abundant genus recovered was
Claroideoglomus with approximately 12% of total reads
sampled at Date A. Lastly, the third most abundant genus
was Paraglomus (Paraglomerales) comprising approxi-
mately 7% of reads in Glomeromycotina. The most
abundant AM fungal variant recovered was Glomus
Valera-Cervero15 BG21 representing 14% of all total reads
recovered at Date A in this study.

AM fungal community composition is influenced by

rainfall exclusion

AM fungal community composition was characterized by
assigning taxonomy and documenting change in relative
read abundance among treatments before and after the
monsoon season (Figure 3). Across all treatments, Diversis-
poraceae decreased in relative abundance across the

Figure 3. Relative abundance changes among rainfall exclusion treatments. Stacked bar chart for the orders
Archaeosporales, Diversisporales, Paraglomerales, and Glomerales. Here, each treatment is broken up by Date (A or B) to
show changes within arbuscular mycorrhizal fungal families across the monsoon season. Here, 0% represents the
control treatment, 60% the moderate rainfall exclusion treatment, and 80% the high rainfall exclusion treatment.
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monsoon season with the largest observed difference in the
high rainfall exclusion treatment. On the other hand, Fig-
ure 3 illustrates an increase in Paraglomeraceae in response
to monsoon rainfall, with the most extreme observed
change in the control treatment. Glomeraceae was observed
to be the most common AM fungal family recovered, and
relative abundance decreased over time. Claroideoglomer-
ales decreased in relative abundance among all treatments,
but most notably in the control treatment.

We used the mean quantitative Jaccard distance matrix
from 1,000 rarefactions to test the strength of rainfall
exclusion and the log of phosphorous on AM fungal com-
munity composition and relative abundance. This model’s
constrained variables explained 3.55% of total variation in
multivariate space. Additionally, axes 1 and 2 explained
47.14% and 34.04% of the 3.55% of total variation,
respectively. Figure 4 shows the relative change in direc-
tion and strength of AM fungal communities given rainfall

exclusion treatments relative to estimates in composition
before treatments were installed. Points here represent
the median centroid in multivariate space with ±1 stan-
dard error for each treatment and sampling date. A per-
mutational analysis of variance showed that rainfall
exclusion treatments were a significant predictor for AM
fungal community structure and composition (P < 0.05).
Based on this model, the log of phosphorous was also
a significant predictor of AM fungal community composi-
tion in multivariate space (P < 0.001), contributing to the
observed changes in Figure 4 from community estimates
before treatments were installed. All measured soil abiotic
factors were shown to not be confounded or interact with
rainfall exclusion treatments (Supplemental File 1).

Richness and community turnover from q ¼ 0 to q ¼ 2

The differences in alpha diversity between Date A and Date
B, or D AM fungal richness, were analyzed from diversity

Figure 4. Principal coordinate analysis for arbuscular mycorrhizal (AM) fungal composition among rainfall
treatments. Principal coordinate analysis for AM fungal community composition from the dbRDA using the mean
quantitative Jaccard dissimilarity matrix of 1,000 rarefied communities. Axes 1 and 2 explain 47.14% and 34.04% of
the 3.55% of total variation explained by this model. Colors represent the median centroid of the control treatment
(black), the moderate rainfall exclusion treatment (teal), and the high rainfall exclusion treatment (pink). Date A and
Date B are represented by triangles and circles, respectively. Bars are ±1 standard error.
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order q ¼ 0–2 using linear models. From q ¼ 0 to q ¼ 2,
the greatest observed gain in the effective number of AM
fungal ASVs was in the moderate rainfall exclusion treat-
ment (Figure 5). On the contrary, the control treatment on
average lost AM fungal ASVs throughout the monsoon sea-
son. As q increases, the 95% highest density intervals
decrease around the median change in AM fungal richness
across the monsoon season. The control treatment was
observed to have an estimated median change of �15.13,
�4.85, and �2.96 in AM fungal richness across the mon-
soon season for q ¼ 0, 1, and 2, respectively. We can infer

that rainfall had a negative effect on D AM fungal richness
of rhizospheres. This hypothesis was observed to be true in
our posterior samples 77%, 89%, and 96% of the time for
q ¼ 0, 1, and 2 (Table 1). The median estimated D AM
fungal richness for the moderate rainfall exclusion treat-
ment was 4.68, 6.10, and 3.10 at q ¼ 0, 1, and 2. For the
moderate rainfall exclusion treatment, we can infer positive
change in richness throughout the monsoon season for
each value of q. For q ¼ 0, 1, and 2, this hypothesis was
observed 76%, 97%, and 99% of the time of the posterior
samples. In the high rainfall exclusion treatment, we can

Figure 5. Delta richness of arbuscular mycorrhizal (AM) fungi across the monsoon season by rainfall
exclusion treatment. D AM fungal richness and the 95% highest density interval around the median change in
alpha diversity between the 2 time points. Bayesian inference was determined using linear models, where the
difference in AM fungal alpha diversity was predicted by rainfall exclusion treatment. This was conducted for q ¼
0, 1, and 2. Black represents the control treatment, teal the moderate (60%) rainfall exclusion treatment, and pink the
high (80%) rainfall exclusion treatment. Percentages are the proportion of samples from the joint probability
distribution, where parameters are greater or less than zero (zero indicating no change in richness). The
percentage for control describes the change in diversity between time A and B, and the percentages for the
moderate and high groups describe the change in diversity relative to the control group. Across all values of q,
the moderate rainfall exclusion treatment, on average, had the largest change in AM fungal richness compared to
other treatments.
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infer that minimal, positive change in AM fungal richness
was observed 73%, 78%, and 83% of the time of the
posterior samples. The patterns here illustrate that rainfall
exclusion had a positive effect on D AM fungal richness and
that as rare AM fungal taxa are removed from our analysis
(q ¼ 2), the likelihood of this to be truer increased. These
inferences in D AM fungal richness are consistent with
inferences generated from the 1,000 rarefied samples (Sup-
plemental File 2: Figure S1).

Phylogenetic relatedness among rainfall exclusion
treatments was measured as D AM fungal richness across
the monsoon season using the phylo-Horn N-assemblage
overlap measure (q ¼ 1 when informed by phylogeny).
Median change in phylogenetic relatedness was �1.05,
1.21, and 0.41 for the control treatment, moderate rainfall
exclusion treatment, and the high rainfall exclusion treat-
ment, respectively. For the control treatment, we can infer
negative change in phylogenetic relatedness 85% of the
time throughout the monsoon season. The moderate and
the high rainfall exclusion treatments differ in inference
from the control treatment showing positive change in
phylogenetic relatedness 94% and 83% of the time,
respectively. A full summary of hypothesis testing for each
treatment including the 95% highest density intervals and
associated posterior probabilities can be found in Supple-
mental File 2: Table S1. Additionally, inferences per treat-
ment for rarefied communities mirror that of inferences
uncovered through this Bayesian analyses applied to pro-
portional abundance data.

From q ¼ 0 to q ¼ 2, AM fungal community turnover
was measured as 1—pairwise beta diversity for each sam-
ple, which represents proportional change in AM fungal
community composition across the monsoon season
(between Date A and Date B). Across all values of q, the
control treatment had the greatest AM fungal community
turnover in comparison to other treatments (Figure 6). At
q ¼ 0, 1, and 2, the median estimate for AM fungal turn-
over for the control treatment was estimated as 0.72, 0.57,

and 0.60 and was greater than zero 100% of the time for
each value of q (Table 2). This indicates that there was
community turnover in the control treatment due to rain-
fall. Median community turnover estimates for the mod-
erate and high rainfall exclusion treatments were more
similar to each other and differed from the control treat-
ment. From q ¼ 0 to q ¼ 2, rhizospheres that underwent
moderate rainfall exclusion were shown to have lower
estimates of turnover in comparison to the control treat-
ment 96%, 93%, and 78% of the posterior samples were
less than zero, respectively. This suggests that rainfall
exclusion treatments influenced AM fungal community
composition across the monsoon season (Figure 6). Fur-
ther, rhizosphere microhabitats that experienced high
rainfall exclusion across the monsoon season had the least
AM fungal community turnover out of all treatments and
differed from the control treatment where 99%, 99%, and
96% of the posterior samples were less than zero for q ¼
0, 1, and 2. As rare species were down weighted from
calculating AM fungal community turnover, the propor-
tion of times our hypotheses were observed in the MCMC
chains decreases. Figure 6 also illustrates that as the value
of q increases from 0 to 2, so does the highest density
intervals around the estimated values of AM fungal com-
munity turnover. Inferences made for AM fungal commu-
nity turnover using proportional abundance data are in
concordance with inferences made from 1,000 rarefied
samples (Supplemental File 2; Figure S2). Lastly, median
point estimates for rarefied AM fungal community turn-
over can be found in Supplemental File 2 as Table S2.
Here, one can see that the 95% highest density intervals
around the median are less than the highest density inter-
vals seen around the median point estimates calculated
using proportional abundance data.

Discussion
In this study, we explicitly show the importance rainfall
exclusion has on AM fungal richness and community

Table 1. Hypothesis testing on D arbuscular mycorrhizal fungal richness for each rainfall exclusion treatment
and value of q

Value of q Hypothesis Lower 95% HDI Median Higher 95% HDI Posterior Probability

0 Control < 0 –55.55 –15.13 24.95 0.77

1 Control < 0 –12.34 –4.85 3.27 0.89

2 Control < 0 –6.36 –2.96 0.41 0.96

0 Moderate > 0 –35.83 4.68 45.53 0.76

1 Moderate > 0 –1.44 6.1 14.02 0.97

2 Moderate > 0 –0.57 3.1 6.75 0.99

0 High > 0 –43.01 2.15 42.06 0.73

1 High > 0 –8.40 –0.42 7.62 0.78

2 High > 0 –4.66 –0.56 2.89 0.83

Hypotheses are listed per value of q with the estimated median and 95% highest density interval (HDI). Here, posterior probability
represents the proportion of times the given hypothesis was supported throughout the Markov chain Monte Carlo chains.
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turnover in the rhizosphere microhabitats L. neomexica-
nus, an herbaceous plant found within the NAM region of
the Sonoran Desert. Our results illustrate that variation in
AM fungal community structure may be partially pre-
dicted by phosphorous and short-term rainfall exclusion.
As soils get drier, AM fungal communities have been
shown to have less seasonal community turnover and may
be more influenced by phosphorous. Based on model
selection, all other soil abiotic factors failed to explain
significant variation in AM fungal community composi-
tion and richness. By the end of the monsoon season,
D AM fungal richness at q ¼ 0, 1, and 2 responded to
rainfall exclusion treatments; however, the response

differed among rainfall exclusion treatments, where the
control treatment showed a loss in taxa due to rainfall and
the moderate and high rainfall exclusion treatments
showed increase in fungal ASVs. Rainfall exclusion also
contributes to differences in phylogenetic relatedness
among rhizosphere microhabitats in the Sonoran Desert,
with rainfall contributing to a decrease in phylogenetic
community composition. Lastly, AM fungal community
turnover across the monsoon season was dependent on
rainfall exclusion treatments, whereby the greatest turn-
over across all values of q was observed in the control
treatment. Here, moderate rainfall exclusion could be
a threshold that favors the coexistence of different AM

Figure 6. Arbuscular mycorrhizal (AM) fungal community turnover among rainfall exclusion treatments. AM
fungal community turnover between time points and the 95% highest density interval around the median between
the 2 time points. Bayesian inference was determined using linear models, where AM fungal community turnover was
predicted by rainfall exclusion. This was conducted for q ¼ 0, 1, and 2. Here, the color black represents the control
treatment, whereas teal and pink represent moderate (60%) and high (80%) rainfall exclusion treatments,
respectively. Percentages are the proportion of samples from the joint probability distribution, where parameters
are greater or less than zero (zero indicating no change in turnover). The percentage for control describes the change
in diversity between time A and B, and the percentages for the moderate and high groups describe the change in
diversity relative to the control group. Across all values of q, the control treatment, on average, had the largest
observed AM fungal community turnover compared to other treatments.
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fungal taxa by the end of the monsoon season (Tilman,
1977). These results support our second prediction that
AM fungal composition responds to short-term rainfall
exclusion treatments, and more importantly, emphasizes
the relationship between rainfall perturbations and soil
abiotic factors like phosphorous content in the soil.

Our results for D AM fungal richness across the
monsoon season are consistent (Deveautour et al., 2020)
as our moderate exclusion treatment showed an increase
in AM fungal ASVs from q ¼ 0 to q ¼ 2 relative to the
control treatment. Further, more extreme rainfall removal
resulted in lesser changes in alpha diversity, which may be
a result of taxa specific requirements for population-level
persistence throughout decreased soil moisture and
warmer summer temperatures (Tilman, 1977). In compar-
ison to other ecological factors, precipitation and soil
water availability more strongly influences AM fungal
composition in semiarid ecosystems (Gao et al., 2016).
In a study by Xiao et al. (2019), AM fungal diversity was
influenced by phosphorous limitation, while total nitro-
gen affected the relative abundance of AM fungi.We show
that in the context of naturally occurring AM fungal com-
munities in the Sonoran Desert that phosphorous content
in the rhizosphere microhabitat plays a substantial role in
structuring the compositional spread of AM fungal com-
munities and that nitrate content did not contribute to
the variation in the effective number of AM fungal ASVs
based on model selection. This suggests that as precipita-
tion becomes more infrequent that AM fungal communi-
ties may be more dependent on specific, limiting soil
abiotic factors in dry, arid climates.

The effects of sampling date on plant communities
have been well studied and supported, providing some
foundation to examine the temporal aspects of microbial
communities (Smith and Huston, 1990; Guo and Brown,
1996). Temporal effects on the maintenance of AM fungal
communities have been studied in a variety of ecological
contexts ranging from volcanic ash fields (Higo et al.,

2015), mixed hardwood forests (Davison et al., 2012), to
grasslands (Deveautour et al., 2020). There is mixed evi-
dence showing that AM fungal community composition is
temporally dynamic. For example, in mixed hardwood
forests, AM fungal communities have been shown to be
spatially distinct but temporally stable across the growing
season, perhaps due to the heterogenous plant commu-
nity and a consistent AM fungal species pool over their
2-year sampling scheme (Davison et al., 2012). Yet, on the
same time scale, Higo et al. (2015) state that differences in
AM fungal composition are dependent on plant cover
from the previous year, thus contributing to fungal com-
munity turnover year to year. Temporal effects have also
been observed on much smaller time scales, such as over
one season in a wet tropical forest (Waring and Hawkes,
2015). Our multivariate models show distinct clustering
for the composition of AM fungal communities over the
NAM season and by rainfall exclusion treatment. Addition-
ally, we show that AM fungal community turnover
responds to rainfall exclusion treatments from q ¼ 0 to
q ¼ 2. The effect seen here may illustrate the contribution
available soil moisture has on the number of ASVs
throughout the monsoon season and on the relative abun-
dance of each ASV in a dry, arid ecosystem. Our results
further highlight the interconnected relationships
between regional climate and local soil abiotic factors that
could hinder a generalizable pattern consensus of a spatio-
temporal response of AM fungal community composition.

Here, we demonstrate that rainfall exclusion affects
variation in AM fungal composition and the difference
in the effective number of AM fungal ASVs, where mod-
erate rainfall exclusion led to increased estimates in alpha
diversity. Additionally, we show that AM fungal commu-
nity turnover is dependent on rainfall exclusion when
common and rare ASVs are weighted equally and also
when rare ASVs are down weighted in estimating commu-
nity turnover. The work outlined in this study leaves sev-
eral forward directions for AM fungal ecology. Specifically,

Table 2. Hypothesis testing on pairwise arbuscular mycorrhizal fungal community turnover for each rainfall
exclusion treatment and value of q

Value of q Hypothesis Lower 95% HDI Median Higher 95% HDI Posterior Probability

0 Control > 0 0.69 0.72 0.76 1

1 Control > 0 0.48 0.57 0.65 1

2 Control > 0 0.47 0.6 0.72 1

0 Moderate < 0 0.59 0.67 0.77 0.96

1 Moderate < 0 0.27 0.48 0.68 0.93

2 Moderate < 0 0.23 0.69 0.85 0.78

0 High < 0 0.57 0.66 0.75 0.99

1 High < 0 0.23 0.44 0.64 0.99

2 High < 0 0.14 0.44 0.75 0.96

For each hypothesis, the parameter estimates and the lower and upper bounds of the 95% highest density intervals are included. The
probability for each hypothesis represents the proportion of times that the hypothesis was supported throughout the Markov chain
Monte Carlo chains. HDI ¼ highest density interval.
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what are the relative temporal scales needed to observe
AM fungal responses to manipulative field experiments?
How does temporal turnover in AM fungal communities
differ between within year and among year exposure to
environmental stress? AM fungi can be somewhat ubiqui-
tous at local scales (Davison et al., 2015) and have been
shown to be heterokaryotic (i.e., multinucleate with genet-
ically distinct nuclei; Bruns et al., 2018). This could lead to
lack of agreement in empirical biodiversity studies, as spe-
cies richness estimates might be dependent on spatial
scale, temporal scale, and the weight of rare ASVs. There-
fore, while we did find that AM fungal communities
respond to changes in seasonal monsoon precipitation,
more studies across a wider range of ecological contexts
could further uncover the direction and magnitude of
changing climate conditions on plant–host AM fungal
interactions.
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Bâ, A, Burla, S, Diedhiou, AG, Hiiesalu, I, Jairus,
T. 2015. Global assessment of arbuscular mycorrhi-
zal fungus diversity reveals very low endemism. Sci-
ence 349(6251): 970–973.

Davison, J, Öpik, M, Zobel, M, Vasar, M, Metsis, M,
Moora, M. 2012. Communities of arbuscular mycor-
rhizal fungi detected in forest soil are spatially het-
erogeneous but do not vary throughout the growing
season. PLoS One 7(8). DOI: http://dx.doi.org/10.
1371/journal.pone.0041938.

Deepika, S, Kothamasi, D. 2015. Soil moisture—A regu-
lator of arbuscular mycorrhizal fungal community
assembly and symbiotic phosphorus uptake. Mycor-
rhiza 25(1): 67–75. DOI: http://dx.doi.org/10.
1007/s00572-014-0596-1.

Demaria, EMC, Hazenberg, P, Scott, RL, Meles, MB,
Nichols, M, Goodrich, D. 2019. Intensification of
the North American monsoon rainfall as observed
from a long-term high-density gauge network.
Sciences Geophysical Research Letters 46(12):
6837–6847. DOI: http://dx.doi.org/10.1029/
2019GL082461.

Deveautour, C, Power, SA, Barnett, KL, Ochoa-Hueso,
R, Donn, S, Bennett, AE, Powell, JR. 2020. Tempo-
ral dynamics of mycorrhizal fungal communities
and co-associations with grassland plant communi-
ties following experimental manipulation of rainfall.
Journal of Ecology 108(2): 515–527. DOI: http://dx.
doi.org/10.1111/1365-2745.13267.

Diffenbaugh, NS, Giorgi, F. 2012. Climate change hot-
spots in the CMIP5 global climate model ensemble.
Climate Change 114(3–4): 813–822. DOI: http://dx.
doi.org/10.1007/s10584-012-0570-x.

Dumbrell, AJ, Ashton, PD, Aziz, N, Feng, G, Nelson, M,
Dytham, C, Fitter, AH, Helgason, T. 2011. Distinct
seasonal assemblages of arbuscular mycorrhizal
fungi revealed by massively parallel pyrosequencing.
New Phytologist 190(3): 794–804. DOI: http://dx.
doi.org/10.1111/j.1469-8137.2010.03636.x.

Gao, C, Kim,YC, Zheng, Y,Yang,W, Chen, L, Ji, NN,Wan,
SQ, Guo, LD. 2016. Increased precipitation, rather
than warming, exerts a strong influence on

arbuscular mycorrhizal fungal community in a semi-
arid steppe ecosystem. Botany 94(6): 459–469. DOI:
http://dx.doi.org/10.1139/cjb-2015-0210.

Green, NE, Graham, SO, Schenck, NC. 1976. The influ-
ence of pH on the germination of vesicular-
arbuscular mycorrhizal spores. Mycologia 68(4):
929–934.

Guo, Q, Brown, JH. 1996. Temporal fluctuations and
experimental effects in desert plant communities.
Oecologia 107(4): 568–577. DOI: http://dx.doi.
org/10.1007/BF00333950.

Hayman, DS. 1982. Influence of soils and fertility on
activity and survival of vesicular-arbuscular mycor-
rhizal fungi. Phytopathology 72(8): 1119–1125.

Hernandez, DJ, David, AS, Menges, ES, Searcy, CA,
Afkhami, ME. 2021. Environmental stress destabi-
lizes microbial networks. ISME Journal 15(6):
1722–1734. DOI: http://dx.doi.org/10.1038/
s41396-020-00882-x.

Higo, M, Isobe, K, Kondo, T, Yamaguchi, M, Takeyama,
S, Drijber, RA, Torigoe, Y. 2015. Temporal variation
of the molecular diversity of arbuscular mycorrhizal
communities in three different winter cover crop
rotational systems. Biology and Fertility of Soils
51(1): 21–32. DOI: http://dx.doi.org/10.1007/
s00374-014-0945-4.

Hill, MO. 1973. Diversity and evenness: A unifying nota-
tion and its consequences. Ecology 54(2): 427–432.
DOI: http://dx.doi.org./10.2307/1934352.

Johnson, NC, Tilman, D,Wedin, D. 1992. Plant and soil
controls on mycorrhizal fungal communities. Ecol-
ogy 73(6): 2034–2042. DOI: http://dx.doi.org/10.
2307/1941453.

Johnson, NC, Wilson, GWT, Bowker, MA, Wilson, JA,
Miller, RM. 2010. Resource limitation is a driver of
local adaptation in mycorrhizal symbioses. Proceed-
ings of the National Academy of Sciences of the
United States of America 107(5): 2093–2098. DOI:
http://dx.doi.org/10.1073/pnas.0906710107.

Kanwal, S, Bano, A, Malik, RN. 2015. Effects of arbuscu-
lar mycorrhizal fungi on metals uptake, hysiological
and biochemical response ofMedicago Sativa L. with
increasing Zn and Cd concentrations in soil. Ameri-
can Journal of Plant Sciences 06(18): 2906–2923.
DOI: http://dx.doi.org/10.4236/ajps.2015.618287.

Katoh, K, Standley, DM. 2013. MAFFT multiple sequence
alignment software version 7: Improvements in per-
formance and usability. Molecular Biology and Evo-
lution 30(4): 772–780. DOI: http://dx.doi.org/10.
1093/molbev/mst010.

Kivlin, SN, Harpe, VR, Turner, JH, Moore, JA, Moor-
head, LC, Beals, KK, Hubert, MM, Papes, M,
Schweitzer, JA. 2021. Arbuscular mycorrhizal fun-
gal response to fire and urbanization in the Great
Smoky Mountains National Park. Elementa: Science
of the Anthropocene 9(1): 00037. DOI: http://dx.doi.
org/10.1525/elementa.2021.00037.

Kivlin, SN, Winston, GC, Goulden, ML, Treseder, KK.
2014. Environmental filtering affects soil fungal com-
munity composition more than dispersal limitation

Dickey and Fordyce: Changes in monsoon rainfall affect AM fungal communities in arid ecosystems Art. 12(1) page 13 of 15
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/12/1/00116/811032/elem

enta.2022.00116.pdf by U
niversity of C

alifornia San D
iego user on 28 M

arch 2024

http://dx.doi.org/10.1038/nmeth.3869
http://dx.doi.org/10.1038/nmeth.3869
http://dx.doi.org/10.1098/rstb.2010.0272
http://dx.doi.org/10.1098/rstb.2010.0272
http://dx.doi.org/10.3354/cr010201
http://dx.doi.org/10.1371/journal.pone.0041938
http://dx.doi.org/10.1371/journal.pone.0041938
http://dx.doi.org/10.1007/s00572-014-0596-1
http://dx.doi.org/10.1007/s00572-014-0596-1
http://dx.doi.org/10.1029/2019GL082461
http://dx.doi.org/10.1029/2019GL082461
http://dx.doi.org/10.1111/1365-2745.13267
http://dx.doi.org/10.1111/1365-2745.13267
http://dx.doi.org/10.1007/s10584-012-0570-x
http://dx.doi.org/10.1007/s10584-012-0570-x
http://dx.doi.org/10.1111/j.1469-8137.2010.03636.x
http://dx.doi.org/10.1111/j.1469-8137.2010.03636.x
http://dx.doi.org/10.1139/cjb-2015-0210
http://dx.doi.org/10.1007/BF00333950
http://dx.doi.org/10.1007/BF00333950
http://dx.doi.org/10.1038/s41396-020-00882-x
http://dx.doi.org/10.1038/s41396-020-00882-x
http://dx.doi.org/10.1007/s00374-014-0945-4
http://dx.doi.org/10.1007/s00374-014-0945-4
http://dx.doi.org./10.2307/1934352
http://dx.doi.org/10.2307/1941453
http://dx.doi.org/10.2307/1941453
http://dx.doi.org/10.1073/pnas.0906710107
http://dx.doi.org/10.4236/ajps.2015.618287
http://dx.doi.org/10.1093/molbev/mst010
http://dx.doi.org/10.1093/molbev/mst010
http://dx.doi.org/10.1525/elementa.2021.00037
http://dx.doi.org/10.1525/elementa.2021.00037


at regional scales. Fungal Ecology 12(C): 14–25. DOI:
http://dx.doi.org/10.1016/j.funeco.2014.04.004.

Kuehn, K-D,Weber, H-C, Dehne, H-W, Gworgwor, NA.
1991. Distribution of vesicular-arbuscular mycorrhi-
zal fungi on a fallow agriculture site, pt. 1: Dry hab-
itat. Angewandte Botanik 65: 169–186.

Lajtha, K, Driscoll, CT, Jarrell, WM, Elliott, ET. 1999.
Soil P characterization and total element analysis, in
Robertson, GP, Coleman, DC, Bledsoe, CS, Sollins, P
eds., Stand soil methods long-term ecological
research. Oxford, UK: Oxford University Press.

Lau, JA, Lennon, JT. 2011. Evolutionary ecology of plant–
microbe interactions: Soil microbial structure alters
selection on plant traits. New Phytologist 192(1):
215–224. DOI: http://dx.doi.org/10.1111/j.1469-
8137.2011.03790.x.

Lee, J, Lee, S, Young, JPW. 2008. Improved PCR primers
for the detection and identification of arbuscular
mycorrhizal fungi. FEMS Microbiology Ecology
65(2): 339–349. DOI: http://dx.doi.org/10.1111/j.
1574-6941.2008.00531.x.

Meredith, M, Kruschke, J. 2020. HDInterval: Highest
(posterior) density intervals. R Package v.02 2.

Miller, SP. 2000. Arbuscular mycorrhizal colonization of
semi-aquatic grasses along a wide hydrologic gradi-
ent. New Phytologist 145(1): 145–155. DOI: http://
dx.doi.org/10.1046/j.1469-8137.2000.00566.x.

Mirarab, S, Nguyen, N, Guo, S,Wang, LS, Kim, J,War-
now, T. 2015. PASTA: Ultra-large multiple sequence
alignment for nucleotide and amino-acid sequences.
Journal of Computational Biology 22(5): 377–386.
DOI: http://dx.doi.org/10.1089/cmb.2014.0156.

Mitchell, DL, Ivanova, D, Rabin, R, Brown, TJ, Red-
mond, K. 2002. Gulf of California sea surface tem-
peratures and the North American monsoon:
Mechanistic implications from observations. Journal
of Climate 15(17): 2261–2281. DOI: http://dx.doi.
org/10.1175/1520-0442(2002)015<2261:GOCSST>
2.0.CO;2.

Mulvaney, RL. 1996. Nitrogen-inorganic forms, in Sparks,
DL, Page, AL, Helmke, PA, Loeppert, RH, Soltanpoor,
PN, Tabatabai, MA, Johnston, CT, Sumner, ME eds.,
Methods of Soil Analysis. Part 3 Chemical Methods.
Madison, WI: SSSA: 1123–1184. (SSSA Book Series
No. 5).

Newsham, KK, Fitter, AH,Watkinson, AR. 1995. Multi-
functionality and biodiversity in arbuscular mycor-
rhizas. Trends in Ecology & Evolution 10(10):
407–411. DOI: http://dx.doi.org/10.1016/S0169-
5347(00)89157-0.

Oksanen, AJ, Blanchet, FG, Friendly, M, Kindt, R,
Legendre, P, Mcglinn, D, Minchin, PR, Hara, RBO,
Simpson, GL, Solymos, P, Stevens, H, Wagner,
HH. 2019. Package “vegan.” Available at https://
cran.r-project.org; https://github.com/veg. Accessed
March 1, 2022.
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Kalwij, JM, Reier, Ü, Zobel, M. 2010. The online
database MaarjAM reveals global and ecosystemic
distribution patterns in arbuscular mycorrhizal

fungi (Glomeromycota). New Phytologist 188(1):
223–241. DOI: http://dx.doi.org/10.1111/j.1469-
8137.2010.03334.x.

Price, MN, Dehal, PS, Arkin, AP. 2010. FastTree 2—
Approximately maximum-likelihood trees for large
alignments. PLoS One 5(3). DOI: http://dx.doi.org/
10.1371/journal.pone.0009490.

Raja, HA, Miller, AN, Pearce, CJ, Oberlies, NH. 2017.
Fungal identification using molecular tools: A
primer for the natural products research commu-
nity. Journal of Natural Products 80(3): 756–770.
DOI: http://dx.doi.org/10.1021/acs.jnatprod.
6b01085.
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