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Summary

� Arbuscular mycorrhizal fungi (AMF) are keystone symbionts of agricultural soils but agricul-

tural intensification has negatively impacted AMF communities. Increasing crop diversity

could ameliorate some of these impacts by positively affecting AMF. However, the underlying

relationship between plant diversity and AMF community composition has not been fully

resolved.
� We examined how greater crop diversity affected AMF across farms in an intensive agricul-

tural landscape, defined by high nutrient input, low crop diversity and high tillage frequency.

We assessed AMF communities across 31 field sites that were either monocultures or polycul-

tures (growing > 20 different crop types) in three ways: richness, diversity and composition.

We also determined root colonization across these sites.
� We found that polycultures drive the available AMF community into richer and more

diverse communities while soil properties structure AMF community composition. AMF root

colonization did not vary by farm management (monocultures vs polycultures), but did vary

by crop host.
� We demonstrate that crop diversity enriches AMF communities, counteracting the negative

effects of agricultural intensification on AMF, providing the potential to increase agroecosys-

tem functioning and sustainability.

Introduction

Arbuscular mycorrhizal fungi (AMF) are a key component of the
soil microbial community that contribute to the development of
healthy soils and agricultural sustainability (Bender et al., 2016).
Arbuscular mycorrhizal fungi establish associations with the
majority of land plants, including most crops, and provide many
ecosystem services to agriculture (Rillig et al., 2016; Bender et al.,
2016; Thirkell et al., 2017). However, agricultural intensifica-
tion, characterized by high nutrient input, low crop diversity and
high tillage frequency, reduces the diversity of AMF taxa in agri-
cultural soils (Helgason et al., 1998; Verbruggen & Toby Kiers,
2010; Rillig et al., 2016; Hontoria et al., 2019), compromising
the potential functions and benefits of AMF in agricultural land-
scapes (Gottshall et al., 2017; Manoharan et al., 2017; Xu et al.,
2017; de Graaff et al., 2019). In natural systems, a positive rela-
tionship between plant and AMF community composition has
been well documented (Landis et al., 2004; Hiiesalu et al., 2014;
Mart�ınez-Garc�ıa et al., 2015; Chen et al., 2017) but the underly-
ing mechanisms are still unclear (Kokkoris et al., 2020). Plant
communities could filter AMF (�Smilauer et al., 2020) or AMF

could be driving plant community composition (Tedersoo et al.,
2020). If plant communities can positively shape AMF commu-
nities in agricultural systems (Verbruggen & Toby Kiers, 2010),
depauperate AMF communities could be bolstered by increasing
crop diversity in intensive agricultural landscapes dominated by
large areas of monocultures. Understanding whether increasing
crop diversity can bolster AMF communities that could benefit
sustainable agricultural systems requires a thorough investigation
of the underlying mechanisms between crop and AMF diversity
in agricultural landscapes.

Intensive agricultural production has often come at high envi-
ronmental cost to soils, including increased soil erosion, greater
nutrient leaching and lower water-holding capacity (Foley et al.,
2005). Ensuring agricultural sustainability requires strategies that
prioritize multiple ecosystem services rather than just maximizing
production (Kremen & Merenlender, 2018). Arbuscular mycor-
rhizal fungi are plant symbionts that are an important source of
ecosystem services in agricultural landscapes (Gianinazzi et al.,
2010; Thirkell et al., 2017; Rillig et al., 2019). Beyond nutrient
acquisition (Smith & Read, 2008), AMF are helpful in pathogen
protection (Veresoglou & Rillig, 2012; Jung et al., 2012),
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herbivore resistance (Middleton et al., 2015), drought tolerance
(Leigh et al., 2009), nutrient cycling (van der Heijden, 2010) and
soil formation and aggregation (Rillig & Mummey, 2006; Wil-
son et al., 2009). In this way, while AMF are not always tightly
linked to increasing crop productivity (Ryan & Graham, 2018;
but see Zhang et al., 2019), they are important to overall agroe-
cosystem multifunctionality via ‘system performance and sustain-
ability’ that can reduce negative external inputs (Rillig et al.,
2019). Enhancing agroecosystem multifunctionality through
AMF will depend in part on the composition of the AMF com-
munity (Verbruggen & Toby Kiers, 2010).

Multiple aspects of intensive agriculture adversely alter AMF
communities. For example, intensively tilled agricultural soils
tend to select for a less diverse, more ruderal AMF community,
which includes taxa thought to have fewer mutualistic traits
(Chagnon et al., 2013). Intensive tillage and bare fallows also
decrease AMF colonization of crops by disrupting hyphal net-
works and leaving AMF without hosts, respectively (Bowles et al.,
2017). Heavy fertilization can create less mutualistic and abun-
dant AMF associations (Johnson et al., 1997; Johnson, 2010)
and suppress colonization of roots by AMF. Specifically, high
nutrient availability via fertilization decreases the dependency of
plant hosts on AMF but selects for AMF that are more aggressive
competitors for plant carbohydrates, leading to a net cost to plant
hosts (Johnson, 2010; Thirkell et al., 2017). Farm management
also influences AMF community composition indirectly via
changes in other soil properties, such as soil pH and soil organic
carbon (V�alyi et al., 2016). For example, adding fertilizer acidifies
soils (Geisseler & Scow, 2014) and tilling reduces soil organic
carbon, both of which can drive changes in AMF communities
(Fitzsimons et al., 2008; Bouffaud et al., 2016; Oehl et al., 2017).
Apart from tillage, fertilization and other practices that change
soil properties, agricultural soils may also have low numbers of
AMF taxa because of the extremely low diversity of plant hosts
when crops consist of monocultures in space and/or over time
(Burrows & Pfleger, 2002; Oehl et al., 2003; Johnson et al.,
2004; Strom et al., 2020).

By contrast, polycultures, which are more similar to biodiverse
natural systems, have the potential to positively impact AMF
communities by providing a more diverse set of plant hosts.
While agriculture continues to shift towards monocultures, poly-
cultures have traditionally been the dominant form of agriculture
across many regions in the world (Altieri, 1999; Brooker et al.,
2015) and have been promoted as a way to remedy the negative
environmental impacts that intensive monoculture agriculture
has had on soils (Power, 2010; Li et al., 2014; Iverson et al.,
2014; Altieri et al., 2015), especially through AMF associations
(Orrell & Bennett, 2013; Brooker et al., 2015). Yet surprisingly
little is known about how AMF respond to polycultures (Ver-
bruggen & Toby Kiers, 2010). More generally, the underlying
mechanism driving the relationship between AMF and plant
diversity in managed or natural ecosystems has not been fully
resolved. Observational studies in natural ecosystems cannot dif-
ferentiate whether AMF diversity supports greater plant diversity
or AMF diversity is dependent on plant composition (Lekberg &
Waller, 2016; Kokkoris et al., 2020). While AMF are generalists,

there is a degree of selectivity in AMF associations with plant
hosts (Bainard et al., 2014; Davison et al., 2016; Sepp et al.,
2019; Davison et al., 2020), and thus plant hosts could filter
AMF communities directly (�Smilauer et al., 2020). Alternatively,
plant hosts could impart changes in the soil environment (e.g.
pH, carbon, composition) that alter AMF communities indi-
rectly (V�alyi et al., 2016; Lekberg & Waller, 2016). Because the
suite of plant hosts is carefully managed in agricultural systems,
studies in agroecosystems might help to clarify the mechanism
underlying the relationship between plant diversity and AMF
communities.

Therefore, we sought to understand how AMF communities
respond to greater crop diversity (i.e. polycultures) in an inten-
sively managed agricultural landscape. Our study compared
AMF communities (richness, diversity and composition) in soil,
the legacy of previous management, as well as AMF colonization
in roots in monoculture vs polyculture fields. Our experimental
design allowed us to investigate the filtering effect of crop diver-
sity (monoculture vs polyculture) on AMF communities, as well
as how AMF communities could be influenced by soil properties.
To reduce confounding effects of management practices on
AMF, all field sites studied used similar tillage regimes and fertil-
izers, allowing us to focus on management differences in crop
diversity (monoculture vs polyculture). Specifically, we asked:
how does greater crop diversity via polyculture and its manage-
ment legacy affect AMF richness and diversity relative to mono-
culture cropping; to what extent does AMF community
composition differ between polyculture and monoculture field
sites; how does AMF root colonization differ between crop plants
grown in monoculture vs polyculture field sites; and, ultimately,
do soil properties impact AMF community composition (rich-
ness, diversity, and composition) and colonization? We predicted
that despite the legacy of intensive agricultural practices on soils
in our study region, greater crop diversity would have a positive
effect on richness and diversity. We also expected that the more
diverse plant community in polycultures may foster more benefi-
cial, host-specific AMF taxa, which, in turn, lead to greater AMF
root colonization for a given crop host when planted in polycul-
ture rather than monoculture fields (Johnson et al., 2004). Based
on previous literature, we also anticipated that soil properties
would have an overriding effect on AMF community composi-
tion, but that crop diversity still plays an important role in shift-
ing the AMF community. In this way, our study aims to increase
our understanding of the relationship between plant diversity and
AMF communities and to investigate whether greater crop diver-
sity could support more sustainable agriculture systems via AMF
communities.

Materials and Methods

Study system

Farm sites were located in Fresno County in California’s San
Joaquin Valley, an agriculturally dominated region containing a
wide range of annual and perennial crops, including row crops
and orchards. While this region is dominated by large-scale
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farms, our research focused on small-scale farms (< 16.2 ha (40
acres)) embedded in this landscape. Some of these small-scale
farms grow a high diversity of specialty crops (including mycor-
rhizal and nonmycorrhizal crop plants) together, such as bok
choy (Brassica rapachinensis), chard (Beta vulgarisvulgariscicla),
Thai peppers (Capsicum annuum), jujube (Ziziphus jujuba) and
bitter melon (Momordica charantia) (Molinar, 2012). Farmers
frequently rotate these crops over space and time (i.e. ‘polycul-
tures’) in previously intensively monocropped farmed land.
Specifically, on polyculture farms, different crop types are
planted in close proximity alternating as little as every couple of
rows. Other small-scale farmers grow only one crop per season of
squash or other row crops (i.e. ‘monocultures’).

In order to compare monoculture and polyculture manage-
ment and understand the effect of plant hosts on AMF commu-
nities, we selected farms if they grew at least two rows of the same
‘focal’ crop: a summer squash variety (zucchini, Cucurbita pepo L.
var. cylindrica) or eggplant (Solanum melongena L. var. esculen-
tum), which both associate with AMF (Smith & Read, 2008). In
addition, all farms used conventional tillage and cultivation to
prepare beds and synthetic inputs (e.g. chemical fertilizers and
pesticides) to some extent but no soil fumigants. Farms were con-
sidered polycultures if they grew 20 or more different crop types
and monoculture if they grew one crop type at the time of sample
collection. The polyculture farms had a range of 7 to over 15 yr
in this management whereas monoculture farms, except for one,

had been in monoculture management for over 15 yr. Informa-
tion on site history is provided in Supporting Information
Table S1.

We sampled 25 farms (13 monoculture and 12 polyculture)
during autumn 2017 (29 September to 17 October 2017) and
early summer 2018 (28 May to 14 June 2018; Fig. 1; Table S1).
Some eggplant farms were sampled in both years while others
were sampled in just one year (2017 or 2018; Table S1), corre-
sponding to peak productivity and the end of the eggplant grow-
ing season in this region. All squash farms, which have a shorter
growing season, were only sampled in summer 2018. In total, we
sampled 31 separate sampling units across both years (2017 and
2018): 11 eggplant polycultures, nine eggplant monocultures,
five squash polycultures and five squash monocultures
(Table S1).

Sampling scheme

We used the same sampling scheme across all monoculture and
polyculture field sites (Fig. 1). We set up two sets of 30 m tran-
sects arranged: within-row and across-row (Fig. 1). Within-row
transects ran along rows of the focal crop (squash or eggplant),
with across-row transects running perpendicular. For each tran-
sect, sampling occurred at three points 10 m apart for a total of
three sampling points per transect and 12 sampling points per
field site. In total, we collected 372 samples across 31 field sites.

(a) (b) (c)

(d) (e) (f)
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Fig. 1 Representative images, row-level crop maps and sampling scheme of monoculture fields (a–c) and polyculture fields (d–f). The row-level crop maps
(b, e) were hand-digitized and each color represents a different crop type. The sampling scheme panels for monoculture (c) and polyculture (f) fields
illustrate that samples collected from within-row transects were always the same crop type (i.e. focal crop, eggplant or squash) and from across-row
transects were the same crop type on monocultures or distinct crop types on polycultures.
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Our sampling scheme was designed to compare AMF commu-
nity composition on the same crop host (i.e. focal crop, eggplant
or squash) whether it was grown in a polyculture or monoculture
management through the within-row transects. We localized our
within-row transects on eggplant or squash to limit plant species
(on polyculture field sites) and varietal variation for plant host
effects on AMF community composition. This design also
allowed us to investigate how the interaction between farm man-
agement (polyculture or monoculture) and different crop hosts
would impact the AMF community. On polyculture fields,
across-row transects would intersect crop hosts distinct from the
focal crop, whereas on monoculture fields, these transects would
still intersect the focal crop (eggplant or squash). In this way, we
were able to investigate whether the legacy of farm management
(monoculture or polyculture) on each field site was sustained
across different crop hosts.

Soil and root sampling

Following the sampling scheme described earlier (Fig. 1), we col-
lected root and soil samples to characterize the AMF community
on the focal crops, squash and eggplant, and on other crops
(polyculture farms). We collected a soil sample from the root
zone using an auger (6 cm wide, 20 cm deep), avoiding areas
where weeds were present. We separated roots from each soil
sample to determine mycorrhizal colonization. However, we were
unable to collect enough roots for molecular characterization; we
were limited by our sampling because we sampled on working
farms not experimental fields and thus were unable to attain
farmer permission to harvest whole plants. The rest of the soil
sample was divided into a subsample, with all visible roots and
rocks removed, for molecular measurements of AMF communi-
ties and a subsample for measuring soil properties.

Measurements of soil properties

Soil samples for edaphic measurements were air-dried and sieved
in a 2 mm sieve. To determine total organic carbon (C), nitrogen
content (N), and C : N each soil sample was ground and assessed
using a combustion elemental analyzer, which is able to separate
organic carbon from inorganic carbon (SoliTOC with a nitrogen
detector; Elementar, Langenselbold, Germany). Soil texture for
each sample was determined using the ‘micropipette’ method
(Miller & Miller, 1987). The remaining soil chemical properties
were measured at the University of Massachusetts Soil and Plant
Testing Facility (Amherst, MA, USA). Soil chemistry data
included pH, cation exchange capacity (CEC), and mg kg�1 of
total extractable phosphorus (P), potassium (K), calcium (Ca),
magnesium (Mg), zinc (Zn), boron (B), manganese (Mn), copper
(Cu), iron (Fe), lead (Pb), aluminium (Al), sodium (Na) and sul-
fur (S).

A ‘soil properties index’ was created using the first principal
component (PC1) scores of the principal component analysis
(PCA) of all the edaphic measurement data. The PC1 axis
explained 27.9% of the variation and had a negative loading for
percentage sand and a positive loading for Ca (Fig. S1). The PC2

axis explained 15.5% variation and had a negative loading for
Mg and a positive loading for N (Fig. S1).

AMF colonization of roots

We determined the percentage colonization by counting AMF
composition in stained roots. Roots were cleared in 10% KOH,
acidified in 1% HCl and stained with trypan blue (Koske &
Gemma, 1989). Percentage colonization by AMF was deter-
mined using the intersections method at 9200 magnification
(McGonigle et al., 1990). Arbuscular mycorrhizal fungi coloniza-
tion in this study refers to percentage colonization by arbuscules,
vesicles or hyphae over total intersections counted (c. 100 inter-
sections per sample).

Molecular characterization of AMF communities

Soil samples for molecular measurements were immediately
stored at�80°C upon return to the laboratory until DNA extrac-
tions could proceed. DNA was extracted from 0.25 g of soil using
the DNeasy PowerSoil Kit (Qiagen). Detailed information about
the molecular analysis, specifically primer selection, PCR condi-
tions and amplicon library preparation, can be found in the
Methods S1. Briefly, the ITS2 rRNA region (5.8Fun/ITS4Fun)
was amplified to characterize the communities of fungi. In previ-
ous studies, ITS2 primers have also matched well with all lineages
in Glomeromycotina (the subphylum AMF belong to Spatafora
et al. (2016)) and, in the same study region, they have been suc-
cessfully used to study fine-scale patterns of AMF community
succession (Gao et al., 2019). The (5.8S) forward and (ITS4)
reverse primers contained a 29 (forward) or 25 (reverse) base
linker, a 12 base barcode, a 29 (forward) or 34 (reverse) base pad,
and a 0–8 base heterogeneity spacer (Fadrosh et al., 2014).
Sequencing of amplicon libraries was performed on the Illumina
MiSeq platform (Illumina, San Diego, CA, USA) with 300 bp
paired-end reads at the Vincent J. Coates Genomics Sequencing
Laboratory (University of California, Berkeley, CA, USA).

The AMPtk pipeline (v.1.4.1) was used to process the fungal
sequence data (Palmer et al., 2018). First, the forward and reverse
sequences were demultiplexed and the primers were removed.
Then, sequences were denoised into exact sequence variants using
the UNOISE3 algorithm, which removes artificial sequences
including predicted sequence errors, contaminants such as puta-
tive PhiX carry-over from Illumina sequencing, and putative
chimeric sequences (Edgar, 2016). Next, the resulting exact
sequence variants sequences were clustered in biologically rele-
vant operational taxonomic units (OTUs) at 97% sequence simi-
larity using the UCLUST (Edgar, 2010) algorithm employed in
VSEARCH (Rognes et al., 2016). Then to account for index bleed
(the percentage of possible reads that bled into other samples),
the synthetic mock community was also used to calculate the
observed rates of index bleed to remove spurious OTUs using the
filter module in the AMPtk pipeline (Palmer et al., 2018). DNA
extraction and PCR-negative controls sequence reads present in
samples were also subtracted from each sample (Nguyen et al.,
2015). Finally, taxonomy was assigned using the AMPtk ‘last
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common ancestor’ approach with the combination of global
sequence, UTAX, and SINTAX (Edgar, 2016) alignments against
the UNITE v.7.2.2 database (K~oljalg et al., 2013).

The resulting OTU table contained 243 AMF OTUs
(1093 176 reads; OTUs annotated as Glomeromycota) and 3175
nonAMF fungal OTUs (12 081 866 reads). Raw sequence read
files are available in NCBI SRA accession PRJNA650414. To
account for sequence read depth variation per sample, the fungal
OTU table was normalized by rarefying to equal fungal sequence
reads (lowest sampling depth in a sample, 3258 reads), using the
‘rrarefy’ command in VEGAN in R (R Core Team, 2020) to
account for uneven sequencing depth across samples.

Statistical analyses

We tested the effect of farm management (monoculture vs poly-
culture), transect type (within-row vs across-row), and their inter-
action plus focal crop (eggplant vs squash) and the soil properties
index on AMF richness, diversity and the proportion of AMF
colonization, using generalized linear mixed models with the
LME4 and LMERTEST packages in R (Bates et al., 2015; Kuznetsova
et al., 2017; R Core Team, 2020). An additional model was used
to test only the effect of management legacy (the time in polycul-
ture management: 0, < 10 and > 10 yr) on AMF richness and
diversity removing one outlier monoculture site that had previ-
ously been under polyculture management for 10 yr. Arbuscular
mycorrhizal fungi richness was estimated using the observed taxa
(Sobs) and using the Chao1 estimator (Schao) (Chao et al., 2006)
with the VEGAN package (Oksanen et al., 2013) in R. The Chao1
estimator, which can account for unobserved taxa, is especially
suited to microbial data because rarer taxa may not be adequately
detected (Hughes et al., 2001; Willis, 2019). Arbuscular mycor-
rhizal fungi diversity was estimated using the Shannon diversity
index (transformed as loge + 1). The soil properties index, derived
from the first axis of the PCA of all edaphic variables was used to

handle highly correlated soil properties. All models for AMF
richness (negative binomial error), diversity (Gaussian error) and
colonization (Poisson error) included a random effect of farm
site, year and the farm site9 year interaction to account for mul-
tiple sampling events across farm sites in different years.

To evaluate effects of farm management, transect type, their
interactions and focal crop on AMF community composition, we
used a permutational multivariate analysis of variance
(PERMANOVA) and accounted for farm site9 year differences
using ‘strata’ in the ‘adonis’ function in the package VEGAN

(Oksanen et al., 2013). PERMANOVA tests the compositional
differences across group levels (e.g. farm management: monocul-
ture vs polyculture) by examining whether the centroids of sam-
ple clusters by group level differ. PERMANOVA was carried out
on AMF community matrices (Hellinger transformed) with
Bray–Curtis dissimilarities created in the package VEGAN (Oksa-
nen et al., 2013). To illustrate AMF community composition dif-
ferences for farm management, the Bray–Curtis dissimilarity
matrices were ordinated by a principle coordinates analysis
(PCoA) using the ‘pcoa’ command in the APE package (Fig. 2a)
(Paradis et al., 2004). In addition, we determined the relative
abundance (based on read counts) of AMF taxa between mono-
culture and polyculture fields (Fig. 2b).

To further understand differences in AMF community com-
position between monoculture and polyculture farm manage-
ments, we conducted indicator species analysis using the
INDICSPECIES package in R (R Core Team, 2020). The indicator
species analysis uses a combination of taxa abundance and fre-
quency to identify which AMF taxa may be most restricted (i.e.
more specialized) to a certain farm management (C�aceres &
Legendre, 2009).

To determine the edaphic variables that significantly influ-
enced AMF community composition, we used a partial distance-
based redundancy analysis (dbRDA; based on the Bray–Curtis
dissimilarity metric) using the ‘capscale’ function in the VEGAN
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Fig. 2 The principle coordinates analysis (PCoA) ordination (a) and relative abundance (based on read counts) (b) of arbuscular mycorrhizal fungi (AMF)
taxa between types of farm management (monoculture vs polyculture). Relative abundances were partitioned by the highest taxonomic group available
for each AMF taxa up to the family level.
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package (Oksanen et al., 2013). The partial dbRDA tests how
much variation within a community (i.e. AMF community com-
position) is explained by a group of explanatory variables (i.e.
edaphic variables) (Legendre & Anderson, 1999). The number of
variables in the partial dbRDA model were minimized via auto-
matic stepwise model selection using the function ‘ordistep’ in R,
and collinear variables were removed based on variance inflation
factors calculated using the function ‘vif.cca’. Then a permuta-
tion-based ANOVA, using 999 permutations, was performed on
the partial dbRDA model to determine the significance of the
coefficients. All analyses were carried out in the VEGAN package in
R (Oksanen et al., 2013).

We then carried out a variance partitioning analysis on AMF
community composition using the ‘varpart’ function (Legendre,
2008) of the VEGAN package in R to determine the contribution
of soil properties vs farm management (monoculture vs polycul-
ture) to the total variance of AMF community composition.

Lastly, we evaluated the differences in each edaphic variable
(Gaussian error; pH, CEC, P, K, Ca, Mg, Zn, B, Mn, Cu, Fe,
Pb, Al, Na, S, total organic C, N and C : N) between farm man-
agement, transect and their interaction using generalized linear
mixed models with the LME4 and LMERTEST packages in R (Bates
et al., 2015; Kuznetsova et al., 2017; R Core Team, 2020). All
models included the interaction effect of farm management and
transect type (farm management9 transect) plus the random
effect of farm site, year and the farm site 9 year interaction to
account for the separate sampling events. Further, we also applied
an analysis of multivariate homogeneity of group variances
(‘betadisper’ function in the VEGAN package) to test if there were
differences in the heterogeneity of edaphic properties between
monocultures and polycultures.

Further, to determine differences in the heterogeneity of all the
soil properties between monoculture and polyculture, a permuta-
tion-based test for homogeneity of dispersion was performed

(PERMDISP) on significant predictor variables in the VEGAN pack-
age (Oksanen et al., 2013). PERMDISP is a multivariate test that
is analogous to the Levene’s test for homogeneity of variances.

Results

Across the 372 samples, the rarefied dataset contained a total of
244 AMF taxa belonging to the genera Acaulospora (eight
OTUs), Archaeospora (one OTU), Cetraspora (one OTU),
Claroideoglomus (21 OTUs), Dentiscutata (two OTUs),
Diversipora (10 OTUs), Dominikia (one OTU), Funneliformis
(two OTUs), Glomus (30 OTUs), Paraglomus (three OTUs) and
Rhizophagus (33 OTUs). The remaining taxa (132 OTUs) did
not have generic assignments (i.e. not assigned below AMF genus
level; hereafter ‘unassigned’). Of the 244 AMF OTUs, 167
occurred in fewer than 10 samples (c. 70%; Fig. S2). In addition,
the species accumulation curve reached its plateau, indicating
that sampling was sufficient to reveal the AMF taxa present in
this agricultural landscape (Fig. S3). On average eight AMF
OTUs and a range of 0–53 AMF taxa were found per sample.

AMF richness and diversity

Farm management (monoculture vs polyculture) had a strong
effect on AMF richness for both Chao1 richness (Fig. 3a) and
observed richness (Fig. S4a; Table 1). On average, polyculture
field sites contained a higher number of AMF taxa (Sobs =
9.880� 0.651, mean� SE) than monoculture sites (Sobs =
5.122� 0.350). However, we found no effect of transect type
(within-row vs across-row, Sobs = 7.774� 0.571 vs
7.382� 0.548) on AMF richness (Table 1). Similarly, there was
no interaction effect between farm management and transect type
on AMF richness (Table 1). Results for Chao1 richness were sim-
ilar (Table 1).
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Similar to AMF richness, farm management (monoculture vs
polyculture) had a significant effect on AMF diversity (Fig. 3b;
Table 1). Arbuscular mycorrhizal fungi diversity in polyculture
fields (1.518� 0.068, mean� SE) was 50% greater than AMF
diversity in monoculture fields (1.034� 0.057). Neither transect
nor the farm management9 transect interaction had an effect on
AMF diversity (Table 1). The soil properties index also had a sig-
nificant effect on AMF richness and diversity (Table 1).

Given that the sites varied by focal crop (eggplant vs squash),
we also included the effect of focal crop on AMF richness and
diversity in the same model. While field sites whose focal crop
was eggplant had more AMF taxa on average than squash focal
crop sites (Sobs = 8.157� 0.526 and 6.383� 0.517, respec-
tively), this trend was not significant (Fig. 3c; Table 1). Focal
crop also did not have an effect on AMF diversity (eggplant,
1.284� 0.058; squash, 1.283� 0.076; Fig. 3d; Table 1).

Lastly, in a separate model, we tested the effect of management
legacy (0, < 10 and > 10 yr in polyculture management) on AMF
richness and diversity. While there was a trend of increasing
AMF richness (Sobs and Schao) and diversity with length under
polyculture management, the trend was not significant (Fig. S5).

AMF community composition

Arbuscular mycorrhizal fungi community composition of poly-
culture field sites was significantly different from monoculture
field sites (PERMANOVA: farm management, P = 0.019; Fig. 2)
and its interaction with transect type (PERMANOVA: farm
management9 transect type, P = 0.022) but did not differ
between transect type (within-row vs across-row)
(PERMANOVA: transect type, P = 0.088). Specifically, we
found 87 unique OTUs in polyculture field sites but only 19
unique OTUs in monoculture field sites. Focal crop (eggplant vs
squash) also did not have an effect on AMF taxa assemblages
(PERMANOVA: focal crop, P = 0.226).

There were 11 indicator taxa found for monoculture sites and
47 indicator taxa for polyculture sites (Table S2). Briefly, the top
five indicator taxa found for monoculture field sites were OTUs
in the genera Rhizophagus (indval = 0.429, P = 0.001),
Acaulospora (N = 2, indval = 0.343, P = 0.001 and ind-
val = 0.320, P = 0.001), Claroideoglomus (indval = 0.261,
P = 0.048) and Diversipora (indval = 0.254, P = 0.003). By con-
trast, the top five indicator taxa found in polyculture sites were

OTUs in the genera Glomus (indval = 0.552, P = 0.001),
Rhizophagus (indval = 0.405, P = 0.001), and three unassigned
taxa to genus (indval = 0.411, P = 0.001; indval = 0.405,
P = 0.001; indval = 0.375, P = 0.001). Three of the 11 indicator
species (c. 27%) for monoculture sites were unassigned (OTUs)
whereas 27 of the 47 indicator species (c. 57%) for polyculture
sites were unassigned OTUs.

The partial dbRDA revealed significant associations between
the AMF community composition and edaphic variables
(F13 = 1.311, P = 0.001). The top edaphic predictor was K fol-
lowed by clay, Na, pH and P (Table 2).

The variance partitioning analysis revealed that the edaphic
variables explained more of the variance in the AMF community
composition (adjusted R2 = 0.281) than farm management (ad-
justed R2 = 0.037) with minimal shared variance (adjusted
R2 = 0.026).

AMF colonization

The average proportion of roots colonized by AMF did not differ
between farm management (Table 1) yet there was an effect of
transect (transect: v2 = 80.139, P < 0.001) as well as an interac-
tive effect between farm management and transect (Table 1;
Fig. 4a). On average, roots sampled from monoculture field sites
had 16.1� 1.1% (mean� SE) of roots colonized, and roots sam-
pled from polyculture field sites had 14.8� 1.2% roots colo-
nized, whereas average root colonization rates for within-row and
across-row transects were 13.9� 1.0% and 17.0� 1.3%, respec-
tively. Average root colonization rates for within-row and across-
row transects in monoculture were similar (16.7� 1.6% and
15.5� 1.6%, respectively), whereas average root colonization in
the across-row transect (18.4� 1.9%) was higher than in the
within-row transect in polyculture sites (11.3� 1.2%). Soil
properties also had a significant effect on AMF colonization
(Table 1). There was no effect of focal crop (eggplant vs squash)
on AMF colonization (Table 1; Fig. 4b).

Comparison of soil properties

There was no effect of farm management (monoculture vs poly-
culture) on pH (F1,23 = 1.034, P = 0.319), total soil N
(F1,20 = 0.757, P = 0.394) or soil TOC (F1,2 = 0.002, P = 0.968),
but CEC (F1,21 = 7.424, P = 0.013) and C : N (F1,28 = 5.394,

Table 1 Model outputs of the effect of farm management (monoculture vs polyculture), transect type (within-row vs across-row), and their interaction,
plus focal crop (eggplant vs squash) and the soil properties index on Chao1 richness, observed richness, diversity and colonization of arbuscular mycorrhizal
fungi (AMF).

Explanatory variable

Chao1 richness Observed richness Shannon’s diversity Colonization

v2 P v2 P v2 P v2 P

Farm management 11.167 < 0.001*** 5.563 0.018* 8.918 0.003** 0.174 0.676
Transect type 0.545 0.460 0.208 0.649 0.004 0.952 80.138 < 0.001***
Soil properties index 5.316 0.021* 4.388 0.036* 2.529 0.112 14.116 < 0.001***
Focal crop 1.982 0.159 0.008 0.928 7.479 0.006** 1.988 0.159
Farm management9 transect type 0.743 0.389 1.266 0.261 0.034 0.853 109.486 < 0.001***

*, P < 0.05; **, P < 0.01; ***, P < 0.001.
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P = 0.028) were different. Total CEC for polyculture field sites
was higher than that for monoculture field sites (7.425� 0.189
and 5.222� 0.148, respectively). We also found higher C : N on
polyculture than on monoculture sites (14.250� 0.257 and
11.750� 0.255, respectively). For soil texture, only clay varied
between farm management (F1,28 = 19.119, P < 0.001) where
polycultures had slightly higher clay content than monocultures
(9.1� 0.2% and 5.4� 0.2%, respectively). For other macro-
and micronutrients, there was a significant effect of farm manage-
ment on K, Mg, Zn, Pb and S (Table S3) but not P, Ca, B, Mn,
Al and Na. There was an effect of transect type (within-row vs
across-row) on K plus an interactive effect of farm management
and transect type on P, K, Mn and S (Table S3). For the effect of
focal crop (eggplant vs squash), we only found an effect on Zn
and Mn (Table S3). Lastly, we found that the soil properties were
more heterogenous on polycultures than on monocultures
(F = 40.339, P < 0.001; Fig. S6).

Discussion

Our study demonstrates that greater crop diversity in intensive
agricultural systems drives a richer and more diverse AMF

community. We observed nearly twice as many AMF taxa in
polycultures than in monocultures, while accounting for varia-
tion in soil properties that also significantly affected AMF rich-
ness. The AMF community composition in polyculture sites was
also distinct from that in monoculture field sites, but soil proper-
ties played a stronger role in structuring the AMF community.
Contrary to our expectations, we also show that AMF coloniza-
tion of roots is probably driven by plant host identity rather than
farm management practices (monoculture vs polyculture). For
both AMF diversity and colonization responses, soil properties
were important factors that influenced the outcomes, but did not
dominate relative to the important effect of higher crop diversity.
Overall our findings indicate that managing for crop diversity in
agricultural landscapes can strongly influence AMF community
composition, including richness and diversity, across heteroge-
neous soils. Further, our results support the notion that plant
diversity is key to belowground biodiversity, which in turn could
support multifunctional agroecosystems (Bender et al., 2016;
Isbell et al., 2017), including those that have been intensively
managed in the past.

We show that polyculture fields harbor a richer and more
diverse AMF community than do monoculture fields, suggesting
that polyculture plantings may promote recovery of AMF richness
following a long period of monoculture farming, which is known
to be associated with decreased AMF diversity (Helgason et al.,
1998; Daniell et al., 2001). Our polyculture sites were formerly
farmed intensively as monocultures, as recently as 7 yr before sam-
pling, and thus were likely to have had a depauperate AMF com-
munity (Druille et al., 2013; Manoharan et al., 2017; Williams
et al., 2017). Soil properties also contributed to explaining some of
the variance in AMF richness and diversity, but overall they played
a minimal role. While AMF are ubiquitous across landscapes,
AMF are obligate symbionts with a degree of host specificity; thus,
AMF associations with plant hosts are typically not random
(Mart�ınez-Garc�ıa et al., 2015; Werner & Kiers, 2015; Davison
et al., 2016; Horn et al., 2017). Variation in plant traits, including
phenology, root architecture and other factors, impacts the distri-
bution and composition of AMF (Hart & Reader, 2002; Pringle
& Bever, 2002; Oehl et al., 2004; Maherali & Klironomos, 2007),
and thus functionally different plants can associate with distinct
AMF communities (Davison et al., 2020). In our study, we found
evidence that different AMF taxa occur in polycultures vs mono-
cultures. A Rhizophagus taxon was the top indicator of

Table 2 Results of partial distance-based redundancy analysis (dbRDA)
used to determine the edaphic variables that significantly influenced
arbuscular mycorrhizal fungi (AMF) community composition.

Edaphic variable SS F P

pH 0.527 1.453 0.022*
P 0.489 1.349 0.046*
K 0.630 1.736 0.001**
B 0.353 0.974 0.504
Mn 0.351 0.967 0.519
Cu 0.462 1.275 0.126
Pb 0.524 1.445 0.076
Na 0.537 1.482 0.018*
S 0.445 1.227 0.116
% sand 0.461 1.271 0.085
% clay 0.548 1.511 0.017*
TOC 0.412 1.136 0.209
N 0.442 1.218 0.120

*, P < 0.05; **, P < 0.01.
P, phosphorus; K, potassium; B, boron; Mn, manganese; Cu, copper; Pb,
lead; Na, sodium; S, sulfur; SS, sums of squares; TOC, total organic
carbon; N, nitrogen.
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monocultures, whereas the top indicator taxon in polycultures was
in the genus Glomus. While research on AMF functional traits is
still emerging (e.g. Chagnon et al., 2013), these taxonomic differ-
ences (�Smilauer et al., 2020), coupled with greater AMF diversity
in polycultures, could indicate differences in AMF community
functionality with implications for plant performance and ecosys-
tem processes. Future research should focus on these possible func-
tional differences among AMF taxa.

In polycultures, functionally distinct plant hosts are planted
across space and time, creating a mosaic of diverse microhabitats,
varying in microclimatic and microedaphic properties, as evi-
denced by our finding that polycultures have a more heterogenous
soil environment compared with monocultures. Across polyculture
fields in our study system, crop type can be distinct row by row in
space, but single rows can also shift from crop to crop at different
times throughout the year. For example, annuals and perennial
crops are grown together at the same time, grasses and tubers can
be grown adjacent to each other, and leafy greens and legumes
could be grown sequentially in polyculture fields in this study sys-
tem. In fact, the presence of perennials (Alguacil et al., 2012) and
legumes (Drinkwater et al., 1998; B€unemann et al., 2004; Mathi-
maran et al., 2007) has been shown to increase AMF diversity. In
the polyculture field sites, not only are legumes present, but func-
tionally distinct leguminous species and cultivars are planted (e.g.
long beans, faba, peanuts, peas, etc.). Therefore, the likely mecha-
nism that fosters a richer and more diverse AMF community in
polycultures is the heterogeneity in plant composition: over space,
across time within a space, and as different species or varieties
across and within functional types such as legumes. Arbuscular
mycorrhizal fungi communities also depend, in part, on the com-
position and pattern of past plant communities (Bittebiere et al.,
2020). This may explain why in polycultures we do not find a
more diverse AMF community in the more plant-rich transects
when compared with the single species transects. Instead, the
legacy of polyculture management, specifically the temporally, spa-
tially and functionally heterogeneous plant community, leads to an
overall richer and more diverse AMF community in polycultures
than in monocultures.

Polycultures also harbored a distinct AMF community from
monocultures. However, AMF communities were quite heteroge-
neous across both monoculture and polyculture field sites, reflect-
ing a high turnover among sites. The heterogeneity and high
turnover of the AMF community are evident in the fact that aver-
age site-level AMF richness is much lower than total AMF rich-
ness recorded across all sites: the average AMF richness was c. 5 in
monoculture and 10 in polyculture field sites, compared with a
total AMF richness in the whole study of 244. Arbuscular mycor-
rhizal fungi communities tend to be heterogeneous even at fine
scales (Pringle & Bever, 2002; V�alyi et al., 2016; Mony et al.,
2020). Our expectation that AMF communities on polyculture
farms would be more heterogeneous at a fine scale than those on
monocultures was not borne out; specifically, we found no inter-
action between farm management (monoculture vs polyculture)
and transect (within-row vs across-row) for composition. This is
further evidence that polycultures may impart a legacy effect on
AMF communities.

Despite possible AMF compositional differences between
monocultures and polycultures, our results show that soil proper-
ties played a larger role in explaining AMF community composi-
tion than farm management, with pH being a significant
predictor, consistent with other studies (Fitzsimons et al., 2008;
Bouffaud et al., 2016; Davison et al., 2016; Oehl et al., 2017;
Van Geel et al., 2018), especially at finer spatial scales (Ras-
mussen et al., 2018). The greater heterogeneity in soil edaphic
properties in polycultures than monocultures suggests that crop
diversity may indirectly underlie these edaphic-driven patterns of
AMF community structure. Regardless, these findings suggest a
role for soil properties in structuring AMF community composi-
tion across farms and a role for farm management in shifting the
available AMF community into more or less diverse communities
at the site level.

The role of plant diversity vs plant host identity on AMF asso-
ciations was most evident in our measurements of AMF coloniza-
tion in roots. Our study design allowed us to explore whether
crop diversity (polyculture vs monoculture management)
impacted AMF colonization in the same crop species, and also
whether different crop plant hosts in polycultures play a role in
determining AMF colonization. Contrary to our expectation, we
found no difference in AMF colonization across the same crop
host when planted in polyculture or monoculture fields. In part,
this may be explained by fertilizer usage across all farms, which
may mask or suppress changes in AMF root colonization as a
result of increasing crop diversity because fertilization decreases
the dependency of plants hosts on AMF (Johnson, 2010). But
AMF colonization has been shown to increase in plant host roots
within more diverse plant communities (Eriksson, 2001; Johnson
et al., 2004; but see Burrows & Pfleger, 2002), especially when
highly mycorrhizal plants are present (Chen et al., 2005). Instead,
we found similar degrees of AMF colonization on the focal crop
host between polyculture and monoculture farms, but greater
degrees of AMF colonization on other crop hosts on polyculture
fields. Recent research has found mixed results about the extent
to which plant host identity determines the quantity of AMF col-
onization. Some studies show that plant identity rarely plays a
role (Lekberg & Waller, 2016; Van Geel et al., 2018), while
others, like this study, demonstrate that plant host identity does
impact AMF colonization, especially at local scales (K€onig et al.,
2010; Davison et al., 2016; �Smilauer et al., 2020). Thus, our
study strengthens the body of research showing that AMF colo-
nization is dependent on specific AMF–plant host associations.
While this finding could suggest that agricultural systems with
higher plant diversity may not benefit from greater AMF colo-
nization, AMF colonization may not actually be the most impor-
tant indicator of AMF benefits and functions for crops in
agricultural systems (Thirkell et al., 2017). Colonization does not
indicate the extent of nutrient transfer or the degree of ecosystem
services provided by AMF (Chagnon et al., 2013). Instead, there
is a growing understanding that AMF composition is an impor-
tant determinant of the benefits received by ecosystems from
AMF communities (Chagnon et al., 2013).

A richer and more diverse AMF community could indicate dif-
ferences in ecosystem functioning between monoculture and
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polyculture farming, with important implications for agricultural
management. Previous research has shown that monocultures con-
tribute to reducing AMF richness and can change community
composition to favor less beneficial AMF taxa, in turn contributing
to yield declines (Johnson et al., 1992). Although empirical evi-
dence from field studies on AMF remains rare, a positive relation-
ship between AMF diversity and ecosystem functioning is expected
because AMF taxa differ in their functions (Powell & Rillig,
2018). For example, studies have shown differential plant produc-
tivity responses to different AMF taxa or communities (van der
Heijden et al., 1998a,b, 2003; van der Heijden, 2002;
Klironomos, 2003). Other studies have demonstrated that produc-
tivity, phosphorus uptake, soil aggregation and pathogen protec-
tion increase with AMF diversity (van der Heijden et al., 1998a,b;
Sikes et al., 2009; Chen et al., 2017). In short, as AMF taxa are
functionally heterogenous (Chagnon et al., 2013), a more diverse
community could provide a wider array and/or stability of func-
tions (Loreau et al., 2003; Isbell, 2015). Therefore, crops grown in
polycultures may benefit from the enhanced and/or stabilized
ecosystem functions and services of a richer and more diverse AMF
community.

Conclusions

Through investigating the response of AMF communities to
greater crop diversity, we have demonstrated that plant host
diversity shifts the available AMF community into richer and
more diverse communities while soil properties structure AMF
community composition. Our on-farm approach focused on the
role of polycultures – the dominant form of agriculture across
many regions in the world, especially among smallholder farmers
(Altieri, 1999; Brooker et al., 2015) – allowing us to elucidate the
important role that plant host diversity plays on AMF communi-
ties without the confounding reciprocal process (i.e. AMF com-
munities influence plant communities), a common obstacle in
observational studies of natural systems. Specifically, we show
that polycultures doubled AMF richness in comparison to mono-
cultures. We further find that AMF colonization is dependent on
crop host identity. Together, the positive relationship between
plant diversity and AMF community composition highlights the
fact that vegetative diversity is essential to harnessing AMF func-
tional diversity. Therefore, we conclude that plant diversity is key
to enriching AMF communities, and that enhancing crop diver-
sity locally on farms may allow multifunctionality to be re-estab-
lished via AMF communities in agricultural landscapes.
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