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Mycorrhizal dominance reduces local tree species
diversity across US forests

Alexis Carteron©®"32< Mark Vellend? and Etienne Laliberté ®’

Ectomycorrhizas and arbuscular mycorrhizas, the two most widespread plant-fungal symbioses, are thought to differentially
influence tree species diversity, with positive plant-soil feedbacks favouring locally abundant ectomycorrhizal tree species and
negative feedbacks promoting species coexistence and diversity in arbuscular mycorrhizal forests. While seedling recruitment
studies and cross-biome patterns of plant diversity and mycorrhizal dominance support this hypothesis, it remains to be tested
at the forest stand level over continental scales. Here, we analyse approximately 82,000 forest plots across the USA to show
that both ectomycorrhizal-dominated and arbuscular mycorrhizal-dominated forests show relatively low tree diversity, while
forests with a mixture of mycorrhizal strategies support a higher number of tree species. Our findings suggest that mycorrhizal

dominance, rather than mycorrhizal type, shapes tree diversity in forests.

ycorrhizas—the most widespread terrestrial symbionts on

Earth—have long been known for their nutritional bene-

fits to plants'. However, there is increasing interest in their
role as drivers of local plant biodiversity”. Species-rich tropical rain-
forests are mainly composed of arbuscular mycorrhizal (AM) trees’
while species-poor boreal forests are dominated by ectomycorrhizal
(ECM) trees*’, suggesting that the AM strategy favours plant spe-
cies coexistence and diversity while the ECM strategy promotes
dominance by one or few species>‘. Small-scale studies of seedling
recruitment support this hypothesis: ECM seedlings perform better
when growing in soils near (or conditioned by) conspecific indi-
viduals (that is, showing positive plant-soil feedbacks), whereas the
opposite has been found for AM plants™*. Proposed mechanisms for
positive feedback in ECM forests include greater protection to con-
specific seedlings from soil-borne pathogens and improved nutri-
ent acquisition, relative to AM forests®’. However, we do not know
whether these short-term effects on recruitment dynamics trans-
late into persistent effects on canopy tree species composition and
diversity. Indeed, neither the historical biome-level observations
nor the individual-level studies of seedling recruitment directly test
the hypothesis that ECM-dominated forests sustain lower tree spe-
cies diversity than AM-dominated forests; broad-scale analyses at
the forest tree community level are needed to resolve this.

In this study, we used an extensive grid-based inventory of
82,393 naturally forested plots surveyed by the U.S. Department of
Agriculture Forest Service (Forest Inventory and Analysis National
Program) to explore the relationship between mycorrhizal domi-
nance (ECM versus AM strategy) and local tree species diversity
across broad environmental gradients at the continental scale.
Selected plots (each consisting of 4 subplots of 168 m?) spanned the
contiguous USA', with the number of tree species per plot ranging
from 1 to 18 (Fig. 1a). The mycorrhizal strategy for the 349 tree
species present in the selected plots was extracted from a recently
published database'-'>. As a predictor of plot-scale tree species
diversity (that is, richness, Shannon’s entropy index and the inverse
of Simpson’s concentration index), we calculated the proportion
of total basal area, estimated from stem diameter measurements,

consisting of trees with the same mycorrhizal strategy. Because the
vast majority of plots are dominated by ECM and/or AM strategies
(Extended Data Fig. 1), with other strategies quite rare (for example,
ericoid mycorrhizal or ERM), patterns of ECM and AM proportions
are essentially mirror images (Fig. 1b and Extended Data Fig. 2). We
hypothesized that tree diversity would decrease monotonically as
dominance by ECM trees increased, such that AM forests would
show the highest tree diversity (see the ectomycorrhizal dominance
hypothesis; Fig. 2a). We tested for a relationship between tree diver-
sity and ECM proportion in several ways: (1) using the simple bivar-
iate relationship (results shown in the supplementary material); (2)
after controlling for other environmental factors; and (3) after con-
trolling for the statistical necessity that forests with multiple mycor-
rhizal types have a greater species pool of trees to draw from than
forests with just one mycorrhizal type.

Results

Tree species diversity and mycorrhizal dominance. In line with our
hypothesis, the bivariate relationship showed that tree species diver-
sity was relatively low in ECM-dominated forests (Supplementary
Fig. 1). However, contrary to our hypothesis, tree diversity was
maximal when the ECM tree basal area was approximately 50% and
tree species diversity declined under increasing dominance by AM
trees (Supplementary Fig. 2; see the mycorrhizal mixture hypothesis
in Fig. 2a). As such, tree species diversity was lowest in forests domi-
nated by either the ECM or AM strategies and highest when there
was an approximate mixture of both strategies.

Effect of local abiotic factors. Mycorrhizal distributions are known
to be correlated with environmental factors that also influence plant
diversity" but the pattern in the bivariate relationship was strong
after controlling for environmental variables (Fig. 2b). In models
including effects of local abiotic factors (climatic, topographic and
physiographic properties), we found that tree diversity was influ-
enced by these factors, especially temperature, topography and
water availability, but the negative effects of mycorrhizal dominance
on tree diversity were strongest (Figs. 2b and Fig. 3).
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Fig. 1| Tree richness and ECM proportion at the plot scale across the USA. a, Map of tree richness (number of tree species). b, Map of ECM proportion
(as the proportion of basal area per plot of trees with DBH >12.7 cm known to associate with ECM fungi).

Effect of the regional species pool. Our results are also robust to
the potential statistical artefact that forest plots with only one mycor-
rhizal type have lower potential diversity (that is, only tree species of
that type can be present). Local plant diversity is determined by envi-
ronmental filtering from the regional flora'* and species diversity
depends on the size and composition of the regional species pool".
As such, we applied a null model to determine if mycorrhizal domi-
nance had detectable effects on tree species diversity beyond what
could be explained by the tree species composition of the regional
flora. We assessed the expected relationship between tree diversity
and the proportion of ECM tree basal area based on random sam-
pling from the regional tree species pool, from which we calculated
the deviation between observed and expected values for each plot
(which we call ‘alpha-deviation’). The null model reassigned a spe-
cies identity to each individual tree in a given plot based on a random

draw of species of the same mycorrhizal type (simplified as either
ECM or ‘other’ strategies) from the regional pool, with probabil-
ity weights proportional to species regional abundances. Our null
model thus preserved the value of ECM proportion in each plot.
Regional pools were defined within each of 25 ecoregions'®, which
represent geographical areas with relatively similar ecological and
environmental conditions (Supplementary Fig. 3). Results of our
null model analysis showed that the hump-shaped relationship with
tree species diversity being lowest at low or high ECM basal area per-
sisted (Fig. 2c and Supplementary Fig. 4). This means that the lower
local tree species diversity observed in plots dominated by either the
ECM or AM strategy was not only the result of the regional species
pool containing a smaller number of tree species from either one of
these strategies but rather an outcome of local processes reducing
species diversity in ECM- or AM-dominated plots.
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Fig. 2 | Relationships between ECM proportion and tree richness.

a, Hypothetical relationships. b, Observed ECM proportion versus predicted
tree richness (number of species). ¢, ECM proportion versus corrected

tree richness. Predictions in both b and ¢ take into account potentially
confounding environmental factors (elevation, physiography, precipitation,
slope and temperature); the lines indicate the regression curves and the
shaded areas represent the 95% credible intervals of the regression.

Discussion
Our results strongly suggest that dominance by either ECM or AM
strategy, and not only the ECM strategy type, reduces local tree
diversity across the forested USA. Several mechanisms involving
mycorrhizal type may combine locally to influence plant diversity’.
First, positive plant-soil feedbacks commonly reported for ECM
species at the seedling recruitment stages”, could also apply to AM
species but at later life stages (for example, saplings or small subcan-
opy trees), eventually leading to canopy dominance by certain AM
tree species (Supplementary Fig. 5). While it is widely accepted that
ECM plants may benefit more from ECM fungi in terms of min-
eral and organic nutrition and protection against root pathogens’,
the higher maintenance costs of ECM fungi compared to AM fungi
could mean that the net benefits of the two mycorrhizal types are
similar”, thereby equalizing fitness differences among strategies.
Furthermore, fine-scale niche partitioning could promote coexis-
tence of different mycorrhizal types'® and ecosystems with a mix-
ture of mycorrhizal strategies may also create environments that
are more diverse and spatially heterogeneous”. Together, these pro-
cesses could locally promote diversity where multiple plant nutrient
acquisition strategies, such as mycorrhizal types, co-occur®?.

A number of studies have reported the positive effects of a
diverse inoculum of AM fungi on plant diversity and ecosystems
functions**. Plant species richness as well as evenness increase in
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Fig. 3 | Posterior coefficient estimates for the effects on tree richness
(number of species). Effects on tree species richness of ECM proportion
(first- and second-order terms), local environmental factors (elevation,
precipitation, slope, temperature) and their interactions. Medians are
represented by the empty circles and the 95% credible intervals are
represented by black vertical lines. Variables were standardized before
modelling to permit quantitative comparison of coefficients. Terms are
ordered based on the absolute values of the slopes.

response to AM fungi inoculation® and plant-soil feedbacks involv-
ing seedlings tend to be more negative in AM tree species’. These
results lead to the expectation of a positive effect of AM dominance
on tree diversity. However, studies at the community level are typi-
cally conducted in grasslands®, which may not apply to long-lived
trees in forests. Thus, the few studies of trees are typically at the
level of individual seedlings** and these short-term effects on
seedling recruitment might not necessarily translate to canopy-level
patterns involving mature trees. It is also worth noting that even
though most tropical rainforests are both AM-dominated and host
high tree species diversity, there are also several hyper-dominant
tropical tree species forming AM associations®. Therefore, not all
tropical forest communities are species-rich, even in neotropical
forests where AM trees dominate”. In addition, our study included
only trees, while an important component of total plant diversity in
forests is attributable to understory herbs, which may be favoured
in forests dominated by AM trees®. Nonetheless, recent evidence
cast doubt on the conventional hypothesis of lower plant diversity
in ECM compared to AM systems in temperate and boreal sites®.
Using data at the continental scale, both within and across ecore-
gions, our results show that mycorrhizal dominance—regardless
of mycorrhizal type—shapes tree species diversity in forests, with
diversity maximized when different mycorrhizal strategies coexist.
In sum, patterns of mycorrhizal dominance and tree diversity
have been historically considered among distant biomes, leading
to the hypothesis that the ECM symbiosis reduces plant diver-
sity, while AM symbiosis promotes plant diversity>". The impact
of mycorrhizal fungi on plant nutrition and plant-soil feedbacks,
often studied at the individual level, have provided indirect support
for these hypotheses’. However, forest trees interact locally over
prolonged periods and results from our study at the community
and canopy level suggest that short-term effects, such as negative
plant-soil feedback effects involving AM seedlings at the recruit-
ment stage, do not persist in the longer term to influence canopy
tree species diversity. In fact, we find that mycorrhizal dominance
(either AM or ECM) favours dominance by a single species, thus
reducing diversity and potentially leading to alternative stable states
in forest tree species composition®. Even though mycorrhizal domi-
nance can be determined at several scales (for example, root system,
stand, biome), our study highlights the importance of considering
the impact of mycorrhizas on ecological processes at the scale of
the forest plot or stand (<1km?). At this scale, coexisting mycorrhi-
zal strategies may act as a promoter of plant diversity, which might
only be detected by studying the entire gradient of mycorrhizal
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proportions. Forests with a mixture of mycorrhizal strategies are
sometimes overlooked because they are considered less common®.
However, this is not the case across North America (52% of plots
have between 10 and 90% ECM proportion; Supplementary Fig. 5)
and forests with diverse nutrient acquisition strategies may repre-
sent a crucial avenue for research and forest management targeting
greater ecosystem services and adaptation to climate change.

Methods

Data collection. For this study, we used publicly available data from the U.S.
Department of Agriculture Forest Service, known as the Forest Inventory and
Analysis (FIA) programme. Data were accessed from https://apps.fs.usda.gov/fia/
datamart/CSV/datamart_csv.html on 28 February 2020. The primary objective of
the FIA is to determine the extent, condition, volume, growth and use of trees on
US forest land to frame realistic forest policies and programmes'. This database
has been used to address many ecological questions across large scales and
gradients'"’"*”. Plots are distributed relatively evenly in forested areas across all
of the lower 48 contiguous states. Plot location uncertainty is generally <1.6km
but locations are sometimes deliberately exchanged within a given county due to
potential issues regarding plot integrity and landowner privacy'. Each standard
plot consists of four 7.3 m radius circular subplots (168 m?) within which all stems
>12.7 cm diameter at breast height (DBH) are identified to species and measured.
There is one centre subplot surrounded by the 3 peripheral subplots, each at a
distance of 36.6 m from the centre subplot.

Before our analyses, the dataset was filtered using several criteria according
to the FIA user guide for phase 2 (ref. '*). First, we only kept census data from the
most recent year for a given plot (range: 1995-2019; median: 2015), in cases where
a plot was sampled more than once. Second, we retained plots following both
standard production and standardized methods (that is, ‘sample kind code’ of 1,
2 or 3) and a similar sampling design within the 4 subplots where all stems
>12.7cm DBH were measured (that is, with a ‘plot design code’ of 1, 220, 240, 311,
314, 328, 502 or 505). Finally, we only used data taken using the National Field
procedures in forested, natural and undisturbed stands with no observable recent
silvicultural treatment. If data were missing for any measured values or variables,
the plots were excluded. Otherwise, plots were retained for further analyses if
more than four individual trees were present. From 1,557,871 available plots
measurements, we analysed data for 82,393 plots containing 1,984,883 trees.

For each selected plot, topographic data (elevation, slope) and physiographic
class (estimate of moisture available to trees) were accessed directly from the FIA
database. Elevation is defined as the vertical distance above mean sea level ranging
from 0 to 3,746 m with a median of 366 m. The percentage slope ranges from 0
to 155% with a median of 10%. Climatic data (that is, mean annual temperature,
mean annual precipitation) were accessed from the Parameter-elevation
Regressions on Independent Slopes Model Climate Group (800 m spatial
resolution; http://prism.oregonstate.edu/). The mean annual temperature ranged
from —3.3 to 25.3 °C with a median of 9.9 °C; mean annual precipitation ranged
from 50 to 5,647 mm with a median of 1,072 mm.

From the stem diameter measurements, the total basal area was calculated
for each species in each plot. The mycorrhizal strategy for each tree species was
determined using a recently published database'"'. Species were listed as either
ECM, AM, ERM, non-mycorrhizal or both AM and ECM (AM + ECM). The
basal area of dual AM/ECM tree species was assigned as half AM and half ECM
in the calculation of mycorrhizal proportion. The distribution of dual AM/ECM
proportion is shown in Supplementary Fig. 6.

Tree species richness was calculated as the number of observed tree species
with a DBH > 12.7 cm. Species richness (Fig. 1a) followed large-scale tree diversity
gradients previously mapped for the USA*. Abundance was incorporated into
diversity indices using the exponential of Shannon’s entropy index (g=1) and
the inverse of Simpson’s concentration index (q=2), calculated as proposed by
Chao et al.**. Individual-based rarefaction was also conducted by resampling
10 individual trees per plot (below); a total of 70,641 plots were used for these
calculations excluding plots containing fewer than 10 individual trees. The
potential impact of grain size was assessed by modelling tree diversity and
mycorrhizal dominance also at the subplot level, using 191,327 subplots. To test
whether the results were robust to uncertainties in species mycorrhizal status, we
modelled the relationship between tree richness and ECM proportion using only
species for which mycorrhizal strategy was determined at the species level'? (that is,
176 species in 71,089 plots).

Following the ‘national hierarchical framework of ecological units’*, we
defined 25 ecoregions and assigned 1 for each plot depending on its location
(Supplementary Fig. 3). Ecological units are defined as areas of similar surficial
geology, lithology, geomorphic processes, soil groups and subregional climate.

Null model. We used a null model that reassigned the species identity of the
individual trees in each plot based on random draws from the regional pool of
tree species within ecoregions (Supplementary Fig. 3), while keeping the total
number of individual trees per plot and the proportion ECM constant. Each

NATURE ECOLOGY & EVOLUTION | VOL 6 | APRIL 2022 | 370-374 | www.nature.com/natecolevol

species’ abundance (that is, its probability of being chosen by the null model) was
calculated as its number of tree stems in the ecoregion, divided by the total number
of stems across species. We ran 100 randomizations from which we calculated

the diversity ‘deviation’ (or ‘corrected’ diversity) as the observed diversity minus
the mean of the null distribution of diversity values, divided by the s.d. of this
distribution. Diversity measures were the same as for the observed data. Negative
values of corrected diversity represent lower diversity than expected given random
draws from the regional species pool, which can be the result of environmental,
demographic and stochastic processes that exclude some species locally. The null
model was implemented in R*.

Modelling. To quantify the effect of mycorrhizal proportion and the
environmental variables on tree species diversity and corrected diversity, we used
generalized linear mixed-effect models implemented in a Bayesian framework.
Ecoregion was included as a random factor. For richness values (q=0), we used
a Poisson distribution; for =1, g=2 and rarefied richness, we used the Gamma
distribution. Because diversity values start at 1, distributions were truncated with
a lower bound of <1. For the corrected diversity, we used a Gaussian distribution.
Quadratic terms for mycorrhizal proportion were included in the models to test
for non-linearity. When the 95% credible intervals did not overlap zero, they were
considered significant and thus conserved in the second-order equations. Before
modelling, variables were scaled by subtracting the mean and dividing by the s.d.

Analyses on diversity were conducted for rarefied richness, g=1and g=2,
which showed similar patterns as =0 (Supplementary Figs. 1 and 7). Robustness
to the minimum number of trees per plot of the relationship between tree
richness and ECM proportion was tested by running models with a threshold
for a minimum number of individual trees per plot of 10 and 15 individual trees
(Supplementary Fig. 8). They showed a similar pattern with a slight increase in
maximum tree richness with an increasing threshold. The relationship between
tree richness and ECM proportion was qualitatively the same at the subplot level
(Supplementary Fig. 9), only with lower overall tree richness, as expected by the
decrease in grain size. The relationship remained significant when using only
species with mycorrhizal type assigned at the species level. The hump-shaped
relationship was confirmed as significant (Supplementary Fig. 10; quadratic term
—0.31+0.1 95% credible interval).

The models ran on 4 parallel chains of length 5,000 with a burn-in of 1,000
iterations and a thinning rate of 10. Uninformative priors were used as provided
in the brms package™. Convergence was assessed for each parameter estimate by
visually inspecting the Markov chains and considered sufficient when R=1.

Data manipulation and statistical analyses were done using the R platform™
v.3.5.1 and the following main packages: brms**v.2.12.0, data.table’v.1.14.0,
dplyr*v.1.0.2, ggplot2 (ref. **) v.3.3.3, ggpubr*v.0.4.0, ggspatial*'v.1.1.1,
raster*’v.3.4-5, reshape’’v.0.8.8, sf''v.0.9-8, tidyr**v.1.1.0, vegan'‘v.2.5-6.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the FIA
programme* at https://apps.fs.usda.gov/fia/datamart/CSV/ENTIRE.zip. The
data for the tree mycorrhizal associations are available from Jo and Fei'* with the
identifier https://doi.org/10.4231/R76D5R7S.

Code availability
The custom code of the analyses is available at Zenodo* with the identifier
https://doi.org/10.5281/zenodo.5713274.
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Extended Data Fig. 1| Relationship between ectomycorrhizal (EcM) and arbuscular mycorrhizal (AM) proportions in each plot. Relationship between
ectomycorrhizal (EcM) and arbuscular mycorrhizal (AM) proportions in each plot. 95 % of the plots have a cumulative sum of AM and EcM proportions
> 0.99 (that is, most plots are located on the diagonal). Other plots (that is, below the diagonal) contain ericoid or non-mycorrhizal trees. The number of
plots in the legend is presented on a log scale.
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Extended Data Fig. 2 | Map of arbuscular mycorrhizal (AM) proportion per plot. Map of arbuscular mycorrhizal (AM) proportion (as the proportion of
basal area per plot of tree with DBH > 12.7 cm known to associate with AM fungi).
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