
ORIGINAL RESEARCH
published: 09 January 2020

doi: 10.3389/fevo.2019.00500

Frontiers in Ecology and Evolution | www.frontiersin.org 1 January 2020 | Volume 7 | Article 500

Edited by:

Martijn Bezemer,

Netherlands Institute of Ecology

(NIOO-KNAW), Netherlands

Reviewed by:

Scott Mangan,

Washington University in St. Louis,

United States

Kurt Reinhart,

Livestock and Range Research

Laboratory, Agricultural Research

Service, USDA, United States

*Correspondence:

Andrew C. Lance

acl91@case.edu

Specialty section:

This article was submitted to

Behavioral and Evolutionary Ecology,

a section of the journal

Frontiers in Ecology and Evolution

Received: 29 May 2019

Accepted: 05 December 2019

Published: 09 January 2020

Citation:

Lance AC, Carrino-Kyker SR,

Burke DJ and Burns JH (2020)

Individual Plant-Soil Feedback Effects

Influence Tree Growth and

Rhizosphere Fungal Communities in a

Temperate Forest Restoration

Experiment. Front. Ecol. Evol. 7:500.

doi: 10.3389/fevo.2019.00500

Individual Plant-Soil Feedback
Effects Influence Tree Growth and
Rhizosphere Fungal Communities in
a Temperate Forest Restoration
Experiment
Andrew C. Lance 1*, Sarah R. Carrino-Kyker 2, David J. Burke 1,2 and Jean H. Burns 1

1Department of Biology, Case Western Reserve University, Cleveland, OH, United States, 2 The Holden Arboretum, Kirtland,

OH, United States

Plant-soil feedbacks have important implications for community composition and

restoration. However, relatively few field trials test the influence of plant-soil feedbacks,

especially on longer-lived species, such as trees. Here we present a field restoration

experiment with 10 ectomycorrhizal fungal tree species native to eastern North America.

Trees were inoculated with soils collected from conspecifics in the field or from a

heterospecific: Quercus rubra. Following 16 months of growth in the field, Carya

ovata diameter increase was significantly greater in trees receiving the heterospecific

inoculant. This plant-soil feedback is consistent with C. ovata’s natural co-occurrence

withQ. rubra. Conversely,Quercus macrocarpa diameter increase andCarya cordiformis

height increase were significantly greater when inoculated with conspecific soils,

and this positive plant-soil feedback is consistent with their numerical dominance in

natural communities. We found no evidence for phylogenetic Janzen-Connell effects

or conservation of soil mutualists across tree species. We also quantified differences

in soil fungal community structure with next generation sequencing methods (Illumina

MiSeq) following 16 months in the field. Shannon’s diversity of fungal taxa was

greater in heterospecific soils of seven of our nine experimental species, consistent

with a diversifying influence of Quercus rubra soil inocula. However, only one genus,

Ulmus, exhibited differences in fungal community composition derived from conspecific

and heterospecific sources, suggesting a stronger effect of focal tree species than

of soil inocula source. The relatedness among focal tree species also influenced

fungal community composition, with tree families and genera displaying different fungal

communities. We suggest that future experiments should determine whether more

diverse tree and fungal communities might have enhanced ecosystem functioning in tree

restoration sites.
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INTRODUCTION

Understanding the influence of plant-soil feedbacks on plant
growth, community composition, and restoration ecology has
become a growing area of focus in plant ecology (Kulmatiski
et al., 2008; Brinkman et al., 2010; Bever et al., 2012), in part
because plant-soil feedbacks have the potential to influence
species coexistence (Mangan et al., 2010; Anacker et al.,
2014; Bennett et al., 2017). For example, reciprocal negative
feedbacks predict frequency-dependent coexistence and could be
a diversity-enhancing mechanism in plant communities (Bever
et al., 1997). Conversely, positive individual plant-soil feedback
predict the numerical dominance of species that benefit from
conspecific soils (Klironomos, 2002). Plant-soil feedbacks occur
because plants influence the soils where they grow (Ehrenfeld
et al., 2005) including soil microbial community composition
and soil nutrient availability (reviewed in Ehrenfeld et al., 2005;
e.g., Burns et al., 2017). A large body of greenhouse experiments
suggest that individual plant-soil feedbacks can have a strong
influence on plant growth (Kulmatiski et al., 2008). However,
far fewer studies have determined whether such short-term
greenhouse results translate into longer-term effects in the field
(but see e.g., Schittko et al., 2016). Further, while plant-soil
feedbacks are often quantified by comparing conspecific vs.
heterospecific conditioned soils, the role of plant relatedness in
plant-soil feedbacks is still unclear (Liu et al., 2012; Anacker
et al., 2014; Mehrabi and Tuck, 2015; Crawford et al., 2019).
Here, we ask whether individual plant-soil feedbacks influence
soil microbial community composition and tree growth for
nine temperate ectomycorrhizal fungal tree species in a field
restoration experiment.

A common goal of ecological restoration is to facilitate
the return of ecosystem function to disturbed environments,
simultaneously providing substantial socio-economic and
ecological benefits (BenDor et al., 2015). In eastern North
America, the restoration of temperate deciduous forests is a
common objective of many restoration projects, including those
targeting abandoned agricultural land and anthropogenically
disturbed urban habitats (Cernasky, 2018). While a multitude
of factors influence the success or failure of these projects,
soil microbial communities may have an important influence
on restoration outcomes (Harris, 2009; Kardol and Wardle,
2010). Manipulation of soil microbial community structure
may influence the result of temperate forest restoration and has
become a commonly employed method intended to improve tree
survival and/or growth.

One efficient method of manipulating soil microbial
community structure is to inoculate trees with forest collected
soils prior to outplanting in a restoration site (Maltz and Tresder,
2015; St-Denis et al., 2017). This method transfers potentially
beneficial microbes, including mycorrhizal fungi, as well as
potentially antagonistic microbes including pathogenic fungi
and/or bacteria. Practitioners looking to collect soils for use as an
inoculant could either avoid collecting from mature conspecific
individuals if pathogens are found to have a primary influence
on tree survivorship and growth (e.g., Packer and Clay, 2000),
or conversely, target mature conspecific individuals if specific

mutualisms elicit improved tree performance (e.g., den Bakker
et al., 2004; Ishida et al., 2007). Plant-soil feedbacks that result
from the conditioning of soil communities by different focal tree
species have a profound influence on the microbial composition
of forest soil transfers and the subsequent response of plants to
inoculation during restoration (Wubs et al., 2016; Lance et al.,
2019). Understanding the factors that influence the development
of plant-soil feedbacks is essential to developing best practices
for soil microbial community manipulation and is critical
for ecological restoration of temperate forest communities.
For example, the Janzen-Connell hypothesis (Janzen, 1970;
Connell, 1971), in which adult individuals inhibit the growth of
conspecific or closely related recruits (Liu et al., 2012), may prove
to be an important predictor of tree response to inoculation with
forest soils.

Knowledge of the phylogenetic relationships between
individuals that condition soil inocula and those receiving
the inocula may be of value to both restoration practitioners
and ecologists looking to further understand the connection
between soil microbial communities, plant performance, and
plant community composition (e.g., Reinhart et al., 2012a).
Phylogenetic relationships amongst plants are known to
influence the soil microbial communities with which they
associate (Ishida et al., 2007; Burns et al., 2015). Phylogenetic
conservatism in plant-soil feedbacks would result in closely
related species responding in a similar fashion to inoculation
with forest soil transfers. For example, pathogenic soil microbes
are known to negatively influence closely related sub-tropical tree
species (Liu et al., 2012), a pattern called “phylogenetic Janzen-
Connell” effects. When pathogens effect close relatives similarly,
practitioners should avoid collecting soils from close relatives.
Alternatively, if closely related species response similarly to
soil mutualists like mycorrhizal fungi (Reinhart et al., 2012b),
then forest restoration might be enhanced by soils collected
from close relatives. A lack of phylogenetic effect in plant-soil
feedbacks might limit local soil collections to conspecifics for
access to mutualists or heterospecifics for avoidance of pathogens
(Fitzpatrick et al., 2017), at least where soil communities are
species-specific (Ehrenfeld et al., 2005).

In this study we determine whether plant-soil feedbacks
and plant relatedness influence tree growth and soil
microbial community composition and diversity in a 16
month field experiment. We estimated a phylogeny for
ten ectomycorrhizal tree species native to eastern North
America, then performed a field experiment in which trees
were inoculated with soil conditioned by a conspecific or
heterospecific source. Our heterospecific source was Quercus
rubra, a widely distributed ectomycorrhizal tree. We asked
three primary questions: (1) Did individual plant-soil feedbacks
(conspecific/heterospecific) influence tree growth and survival
for ectomycorrhizal tree species? (2) Are plant-soil feedbacks
consistent with a phylogenetic Janzen-Connell effect of
conserved pathogens or do conserved mutualisms improve
tree performance? (3) Were rhizosphere soil fungal diversity
and community composition influenced by conditioning soil
source (conspecific/heterospecific), focal tree species, and plant
relatedness after 16 months in the field?

Frontiers in Ecology and Evolution | www.frontiersin.org 2 January 2020 | Volume 7 | Article 500

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Lance et al. Plant-Soil Feedbacks in the Field

For question (1), we hypothesized that trees receiving the
heterospecific inoculant would display greater growth and
survival than those receiving the conspecific inoculant, if
pathogens exhibit more host specificity than mutualists (but
see e.g., Burgess et al., 2017). Host specificity is displayed
in a small proportion of ectomycorrhizal fungal relationships
and large numbers of ectomycorrhizal fungi can be found
colonizing one tree (Bruns, 1995; Palmer et al., 2008). In addition,
most cases of ectomycorrhizal fungal specificity occur in the
genera Pinus and Alnus, neither of which was included in
our study design (Bruns et al., 2002; Tedersoo et al., 2009).
Thus we expect pathogen escape in heterospecific soils (i.e.,
negative plant-soil feedbacks). Alternatively, because our tree
species are ectomycorrhizal, and because some prior work has
observed positive plant-soil feedbacks in most ectomycorrhizal
trees (Bennett et al., 2017), we might expect positive plant-
soil feedbacks. To answer question (2), we explored how
inoculation with distant relative’s heterospecific conditioned
soil might enable trees to form beneficial ectomycorrhizal
fungal relationships while avoiding pathogens, consistent with
a phylogenetic Janzen-Connell effect (Liu et al., 2012). Thus,
we predicted more neutral plant-soil feedbacks in the close
relatives of Q. rubra (e.g., Q. palustris) and more positive effects
in distant relatives (e.g., pathogen escape). Alternatively, plant
performance could be greater in conspecific and close relatives’
soils, consistent with the positive plant-soil feedbacks observed
in some ectomycorrhizal fungal trees (Bennett et al., 2017). In
this case, we would predict more neutral plant-soil feedbacks
in the close relatives of Q. rubra and more negative in distant
relatives (e.g., loss of mutualist services). Conversely, if pathogens
and mutualists are not influenced by plant relatedness, plant-soil
feedbacks might not scale with phylogenetic distance (Mehrabi
and Tuck, 2015). Finally, to answer question (3), we used next
generation sequencing following 16months in the field to explore
the roles of soil treatment (conspecific, heterospecific), focal
species, and plant relatedness in determining fungal community
composition on roots and in rhizosphere soils. We predicted
that fungal communities derived from heterospecific soils would
be more diverse than those derived from conspecific soils,
because heterospecific soils have both the fungal community
in the inocula as well as any fungal species cultivated by the
focal tree. We also predicted that rhizosphere fungal community
structure would significantly differ between the heterospecific
and conspecific treatments within each species. We predicted
effects of focal tree species on fungal community composition, if
focal trees influence soil microbial communities as they grow in
our restoration site. Finally, we predicted that closely related focal
tree species might have similar fungal community composition
(e.g., Burns et al., 2015), if such effects are conserved (e.g., Liu
et al., 2012; but see Mehrabi and Tuck, 2015; Sweet and Burns,
2017).

METHODS

Experimental Overview and Plant Material
Our experiment focused on the restoration of 10 ectomycorrhizal
fungal tree species (see Figure 1), which are native to

the northeastern United States. Our design included two
experimental treatments: conspecific or heterospecific soil
inocula, each with 10 replicates (except for Q. rubra, which
received only conspecific soil). Thus, the total design was 9
species× 2 soils (conspecific/heterospecific)× 10 replicates (180
trees) + 20 Q. rubra in conspecific soil for a total of 200 trees.
Quercus rubra served as the heterospecific soil source for all other
tree species (see details below), because it grows in a number
of forest types and can be found in association with all of our
other experimental tree species (Lance, personal observation).
We manipulated the soil microbial community associated with
each tree by adding field collected soils to pots prior to planting in
a former community garden at Squire Valleevue Farm (Hunting
Valley, OH, USA). The region in which our site is located
is characterized by a humid continental climate, with a mean
annual precipitation of approximately 990mm. Soils at our
research site were classified as Ellsworth silt loams (USDA, 2019).
We monitored tree growth and soil fungal community structure
after two growing seasons to understand how plant-soil feedbacks
may influence restoration efforts.

Trees for use as experimental phytometers were sourced from
a native plant nursery in Indiana, USA in April 2017. We
obtained 20 trees of each of our 10 focal species. Trees arrived in 4
to 12-liter pots, except for Fagus grandifolia, which arrived in 18-
liter pots. Variation in initial size was accounted for by calculating
relative growth rates (see Statistical approach below). Trees were
watered during the period between arrival from the nursery and
planting into the field site.

Inoculation and Planting
We collected soils to use as soil inoculum in April 2017.
We collected soil from 3 separate mature (diameter at breast
height > 20 cm) trees of each of the 10 species in our
field restoration experiment [as suggested in (Reinhart and
Rinella, 2016)]. Replicate soil collections were not mixed
following collection. To obtain soils from all 10 species, soils
were collected at two locations (Squire Vallevue Farm and
Holden Arboretum) located approximately 15 km apart. The
three dominant soil types at both locations are Mahoning silt
loams, Ellsworth silt loams, and Haskins loams (USDA, 2019).
Collection implements were sterilized with 80% ethanol and air
dried between replicate soil collections. Trees targeted for soil
collection were growing in natural temperate forests except for
Quercus macrocarpa and Quercus palustrus where two of the
three replicate collections were made from Holden Arboretum’s
planted collection. Approximately 0.5 kg of soil was collected
within 1m of the bole of each tree; collection locations were
void of herbaceous vegetation and measured approximately 2m
× 2m. Only the top 10 cm of soil was collected, and large
root fragments were removed in the field. Following collection,
soils were dried at ambient room temperature for 1 week then
sieved with a 0.5 cm sieve. Each of the 3 replicate collections per
species were kept separate throughout the inoculum preparation
process; we avoid mixing soils to avoid potential problems
with pseudoreplication, such as mixing a rare pathogen into
all samples (Smith-Ramesh and Reynolds, 2017; Rinella and
Reinhart, 2018).
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FIGURE 1 | A maximum likelihood phylogeny for 10 tree species, which associate with ectomycorrhizal fungi. Two DNA regions, matK and rbcL were used to

estimate this phylogeny (Supplementary Material S2). Branch lengths are in substitutions per site. Shannon’s diversity of fungal communities following inoculation

with conspecific soil (black dots) or heterospecific soils (red triangles) are represented to the right of the phylogeny.

Ten trees of each species were randomly selected for
inoculation with either conspecific or heterospecific soil,
resulting in a total of 20 trees per species being planted in
the restoration site (except for 20 Q.rubra, which received only
conspecific inoculation). We equally divided the three replicate
collections per species during inoculation. Therefore, three trees
received soil from one of two replicate collections while four
trees received the randomly selected third replicate collection.
We thus replicated both soil collections within species and
phytometer/tree genotype within soil replicate. We abraded the
surface of each pot with a sterile gloved hand, then applied 50 g
of dried soil to the surface. Trees were immediately watered with
0.5 L water. Trees remained in their pots following inoculation
for 2 weeks before being planted in May, 2017.

Our experimental site measured ∼50m × 50m; the site had
previously been used as a community garden but was idle for 1
year prior to the start of our experiment. We tilled the site twice:
once in the fall of 2016 and again in spring of 2017 to remove
herbaceous vegetation and facilitate the planting process. Tilling
has also been shown to increase ectomycorrhizal colonization
in temperate tree restoration (Bauman et al., 2013). Trees
were planted in 15 rows in completely randomized positions.
Approximately 3m separated each tree and row. We irrigated
the site during planting and throughout the summer of 2017.
Irrigation was not provided during 2018. Trees also received

an ∼1m diameter ring of fresh wood chips (not composted)
immediately following planting. Trees were wrapped with plastic
protective wraps (ArborGuard, Gempler’s Supply, Janesville, WI,
USA) to prevent small mammal herbivory. Areas surrounding
trees and wood chips were seeded with a mixture of annual and
perennial grasses.

Measurements and Soil Collection
We took a baseline measurement of tree size immediately
following planting in May 2017. Subsequent measurements
were collected in September 2018. Height was determined by
measuring to the apical bud of each tree using a meter stick
(height < 140 cm) or Sokkia telescoping height pole (Senshin
Industry, Osaka, Japan). We measured diameter 10 cm above the
root collar of each tree using a Mitutoyo digital caliper (Mitutoyo
Corporation, Kanagawa, Japan).

Soils for molecular analysis were collected in September
2018. We sampled 6 trees per species: 3 inoculated with
conspecific soils (one per replicate collection location) and
three inoculated with heterospecific soils (one per replicate
collection location) for a total of 57 samples [9 species × 2 soil
origins (conspecific, heterospecific) × 3 collection locations + 3
conspecific inoculated Q. rubra (one per each of the 3 collection
locations)]. Two separate cores of the top 15 cm of soil were taken
for each sampled tree and immediately homogenized in the field.
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Samples consisted of fine root fragments and soil that adhered
to the roots (rhizosphere soil). Cores were sterilized with 80%
ethanol between collections. Samples were immediately placed
on ice in the field, then frozen at−70◦C before processing.

Next Generation Sequencing With Illumina
Mi-Seq
We utilized next generation sequencing methods to examine
general fungal communities on roots and in rhizosphere soils
of all 57 soil samples. DNA was extracted from samples
following a phenol-chloroform protocol (Burke, 2008). We made
amplicons of the fungal ITS-2 gene region using the primers
58A2F and ITS4 with Illumina overhang adapters. The primer
sequences are included in the Supplementary Material S1. The
“16S Metagenomic Sequence Library Preparation” (Illumina
technology protocol) was utilized as a guide during primer
selection. Each reaction included 2 units of FastStart Taq DNA
polymerase (Sigma-Aldritch, Inc., St. Louis, MO, USA), 2mM
MgCl2, 0.2 uM of both primers 58A2F and ITS4, 0.5 ug/ul bovine
serum albumin, and 0.8mM dNTP mix. Our thermocycling
conditions were an initial denaturation at 95◦C for 5min,
followed by 25 cycles of 95◦C for 30 s, 60◦C for 1min, and 72◦C
for 1min, with a final extension of 72◦C for 5min. Amplicons
were then purified, indexed, and sequenced as 2 × 250 bp reads
on the IlluminaMiSeq V3 sequencer at the CaseWestern Reserve
University Genomics Core facility.

The Blaxter lab’s metabarcoding processing pipeline (version
1.0.1) was used as a guide for our sample processing (Blaxter,
2016) with the UPARSE pipeline (Edgar, 2013). We merged
forward and reverse reads with the fastq_mergepairs command
in USEARCH, version 11.0 (Edgar, 2010). We removed control
phiX prior to merging reads using the filter_phiX command.
Primers were removed with Cut Adapt (v1.10) (Martin, 2011).
We implemented the UCLUST algorithm (Edgar, 2010) for OTU
clustering at 97% similarity and removal of chimeras using the
UCHIME algorithm (Edgar et al., 2011). Singletons OTUs were
removed. We made taxonomic assignments for each OTU by
utilizing the SINTAX algorithm (Edgar, 2016) and comparing
against the UNITE database (v 8.0, release date 2018-11-18)
(Aberenkov et al., 2010; Koljalg et al., 2013).

Phylogeny Estimation
A molecular phylogeny based on matK and rbcL gene sequences
was estimated for 10 ectomycorrhizal fungal tree species
(Figure 1). Sequences for both gene regions were available for
all 10 species (see Supplementary Material S2). The program
MUSCLE (Edgar, 2004a,b) in the MEGA platform (version
7.0.14) was used to align each gene sequence separately.
Alignments were checked by eye and preliminary phylogenies
for each gene region were used to diagnose outliers. Because
both regions generated consistent preliminary phylogenies,
they were concatenated to construct a “total evidence” or
“super matrix” phylogeny. Garli (version.951) was utilized
to conduct a maximum likelihood tree search with 100
bootstrap replicates. We rooted the tree using Ulmus americana
(Hinchliff et al., 2015), which is in the Rosales (Rees and

Cranston, 2017). All other taxa in our sample are in the
Fagales (Rees and Cranston, 2017).

Statistical Analyses
We conducted all statistical analyses in R version 3.5.1 unless
otherwise specified.

Did Plant-Soil Feedbacks Influence Tree Growth and

Survival for Ectomycorrhizal Tree Species?
To compare growth rates across species, we first standardized
by initial size by calculating relative growth rates (RGR),
then compared responses to conspecific and heterospecific soil
treatments using log response ratios (Brinkman et al., 2010).
Betula lenta was not included in these analyses due to high
mortality and Quercus rubra had only the conspecific soil
treatment, leaving 8 tree species in these analyses. Relative growth
rate (RGR) in each treatment was calculated as (ln X-ln Y)/16,
where X was a size measurement (height or diameter) at the
conclusion of the experiment and Y was the corresponding
size measurement at the beginning of the experiment. Our
experiment lasted for 16 months as indicated by the denominator
in our relative growth rate equation. We examined differences in
tree growth response (stem elongation and diameter increase) to
conspecific and heterospecific inoculants by calculating pairwise
natural-log response ratios (lnRR) (Brinkman et al., 2010; Larios
and Suding, 2015). We averaged growth data by replicate soil
collection location in order to avoid pseudoreplication. Ratios
were calculated as ln(RGR in conspecific/RGR in heterospecific)
(Brinkman et al., 2010). This procedure resulted in n = 3
lnRR per species. Ninety five percentage confidence intervals
were calculated for each ratio in order to determine statistical
significance. If plant-soil feedbacks are primarily positive (greater
plant performance in conspecific soils), we would see positive
log response ratios. If plant-soil feedbacks are primarily negative
(greater performance in heterospecific soils), we would see
negative log response ratios. Note that this metric is an individual
plant-soil feedback metric, and measures the absolute difference
in response between plant performance in conspecific and
heterospecific soils. This is an important measure of plant-soil
feedback effects, and corresponds to differences in abundance in
the field in some cases (e.g., Klironomos, 2002). However, it does
not make a coexistence prediction, as do net-pairwise plant-soil
feedback metrics (Bever et al., 1997).

Tree survival was examined using a generalized linear model
with a binomial error distribution in which survival was analyzed
as a function of treatment (conspecific or heterospecific), soil
replicate, species, row, and an interaction of treatment and
species. We predicted significant differences in survival across
species; furthermore, if tree species respond to conspecific and
heterospecific soils in a species-specific manner, we predict a
treatment × species interaction. We also analyzed the within
species patterns to test for effects of treatment, again including
row as a blocking effect. If trees had higher survival in the
conspecific compared with heterospecific treatment, this is a
positive plant-soil feedback. If tree had higher survival in the
heterospecific treatment, this is a negative plant-soil feedback.
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Were Plant-Soil Feedbacks Consistent With a

Phylogenetic Janzen-Connell Effect or Conserved

Mutualists?
To test for an effect of phylogenetic distance on the strength
of plant-soil feedbacks, we conducted a phylogenetic “meta-
analysis” on the plant-soil feedback log response ratio. Because
log response ratios have an associated variance, we used this
analysis method to take that variance into account. Plant soil
feedbacks were again measured as the log response ratios
for diameter and height, and we conducted two separate
models, one for each log response ratio. As in standard
meta-analysis, the log response ratios were weighted by the
inverse of their variance (Koricheva and Gurevitch, 2013).
We used the rma.mv function in the metafor (Viechtbauer,
2010) package with species treated as a random effect and
phylogeny incorporated into the error structure as a variance-
covariance matrix. This test takes non-independence of the
branch lengths in the phylogeny into account and is thus
preferable to a linear model. We asked whether the strength
of plant-soil feedbacks were a function of phylogenetic distance
to the heterospecific (Quercus rubra). If a phylogenetic Janzen-
Connell effect is present, we predict that Quercus will have
the most neutral plant-soil feedbacks, followed by Fagus
grandifolia, then the Caryas and Betula, and Ulmus americana
will have the most positive plant-soil feedback (i.e., a positive
slope). In other words, we predict a positive slope for the
phylogenetic distance effect in these models (Liu et al.,
2012). Alternatively, if mutualist effects are phylogenetically
conserved (Reinhart et al., 2012b), we predict the most neutral
plant soil feedbacks for Quercus, followed Fagus grandifolia,
then the Caryas and Betula, and finally Ulmus americana
will have the most negative plant-soil feedback (i.e., loss of
mutualist benefits). In other words, we predict a negative
slope for the phylogenetic distance effect [as found in
(Crawford et al., 2019)].

Were Soil Fungal Diversity and Community

Composition Influenced by Plant-Soil Feedbacks,

Focal Tree Species, and Plant Relatedness After 16

Months in the Field?
To characterize the soil fungal community, we utilized next
generation sequencing on rhizosphere soils. We were able to
generate OTU matrix tables for 52 of the 57 collected samples.
Five samples did not produce useable reads (one B. allegheniensis,
one B. lenta, one C. cordiformis, and two Q. palustrus samples).
We normalized the matrix of sequence counts generated by our
next generation sequencing effort with the RLE normalization
using the edgeR package (version 3.22.5) in R prior to statistical
analysis. Variance stabilizing normalizations such as the RLE
normalization are superior to rarifying microbiome data during
statistical analysis due to a higher retention of data (McMurdie
and Holmes, 2014).

We compared general fungal community composition on
roots and in rhizosphere soils with non-metric multidimensional
scaling (NMDS) procedures in the “vegan” package of R
(Oksanen et al., 2017). Our NMDS procedures utilized the
Sorenson (Bray-Curtis) distance metric, a random starting

configuration, and three dimensions. Three dimensions were
selected in order to minimize ordination stress. All permutations
consisted of 4,999 iterations and were stratified by row (position
in the experimental design). Non-parametric permutation
procedures (PERMANOVA) were utilized to test for significant
differences in fungal communities between genera, families, and
inoculant source (conspecific or heterospecific). We analyzed all
species collectively.

To determine how focal tree species and soil treatment
(conspecific/heterospecific) influenced ectomycorrhizal fungal
abundance, we extracted normalized abundances for six focal
ectomycorrhizal fungal taxa (Entoloma, Laccaria, Russula,
Scleroderma, Tomentella, and Tuber) from the sequencing data
set. Some of these ectomycorrhizal fungal genera contained
several taxa. To summarize these data, we summed abundances
for each of these six genera across the RLE transformed
matrix counts for each species/fungal genus combination.
These values represent normalized abundances of these fungal
genera and were then plotted as a heatmap against our
tree phylogeny.

To determine whether fungal community diversity differed
across treatments (conspecific/heterospecific), we calculated
Shannon’s diversity on the total fungal OTU matrix. We used
a paired t-test and a paired sign test to test the prediction that
heterospecific soils will be more diverse than conspecific soils.
The paired t-test tests the prediction that the diversity values
for heterospecific soil are greater than conspecific soils within
species. The paired sign test tests the prediction that the direction
of the effect (a priori prediction: heterospecific > conspecific) is
consistent across species, for the 9 trees with both heterospecific
and conspecific treatments (note that Quercus rubra only had a
conspecific treatment).

RESULTS

Plant-Soil Feedbacks Influenced Tree
Growth or Survival for Three
Ectomycorrhizal Tree Species After 16
Months in the Field
We found three significant trends in tree growth in response
to inoculation with either heterospecific or conspecific soils.
Following two growing seasons, C. cordiformis stem elongation
was significantly greater when trees received the conspecific
inoculant (Figure 2). Inoculation with conspecific soils also
facilitated diameter increase in Q. macrocarpa (Figure 2).
Conversely, C. ovata trees receiving the heterospecific inoculant
displayed greater diameter increase following two growing
seasons when compared to trees receiving the conspecific
inoculant. We did not find additional significant growth trends
in the remaining species (Figure 2).

We found significant differences in the survival of the 10
experimental species (Table 1). Only 33% of the Betula lenta trees
survived through two growing seasons. Three other species, C.
ovata, C. cordiformis, and B. allegheniensis exhibited more than
more one fatality throughout the course of the experiment; 80%
of the planted trees survived for each of the above three species.
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FIGURE 2 | Natural log-response ratios (lnRR) for stem elongation and diameter increase at the conclusion of the second growing season. Mean lnRR and

boundaries of the 95% confidence intervals are represented on the figure. Positive plant-soil feedbacks have positive values and negative plant-soil feedbacks have

negative values of lnRR.

TABLE 1 | Results of the survival analyses for tree survival across 9 species in a

tree restoration experiment with two soil treatments (conspecific soil,

heterospecific soil from Quercus rubra).

DF Residual DF Deviance Residual

deviance

P

Species 9 187 60.27 89.63 0.0001

Treatment 1 186 0.385 89.63 0.54

Replicate 1 185 0.184 89.06 0.67

Row 14 172 16.93 72.32 0.26

Species × Treatment 9 163 4.95 67.36 0.84

Carya cordiformis survival was significantly influenced by soil
treatment (p= 0.03), with significantly greater survival following
inoculation with heterospecific soil. The remaining species had
100% survival throughout the experiment, with the exception of
Q. rubra, in which one tree (5%) died.We did not find a treatment
× species interaction on tree survival over 16 months in the
field (Table 1).

Plant-Soil Feedbacks Were Not Consistent
With a Phylogenetic Janzen-Connell Effect
or Conserved Mutualists
There was not an effect of phylogenetic distance on the
strength of plant-soil feedbacks as measured by either growth

TABLE 2 | Test for phylogenetic Janzen-Connell effects on plant-soil feedbacks

(lnRR) (Figure 3).

Estimate SE z-value p

lnRR diameter ∼

Phylogenetic distance

0.06 0.04 −1.60 0.10

lnRR height ∼

Phylogenetic distance

0.0014 0.007 0.20 0.84

Phylogenetic distance is the distance in branch lengths between the focal tree and

the heterospecific soil source (Quercus rubra). Plant-soil feedbacks were measured as

the log-response ratio of relative growth rate in conspecific vs. heterospecific soils. A

negative slope indicates that more distant relatives experienced more negative plant-

soil feedbacks.

in tree height or diameter (Table 2, Figure 3). In general, both
diameter and height growth data suggested that the three
closest relatives to heterospecific Quercus rubra (other Quercus)
responded similarly to conspecific soil and heterospecific
soil, performing weakly better in conspecific soil in most
cases (Figure 3). Focal species at intermediate phylogenetic
distances to Q. rubra were highly variable in their plant-soil
feedbacks (Figure 3). The Caryas were especially diverse in
their plant-soil feedbacks, with the largest and smallest effect
sizes in diameter in our data. The most distant relative to
heterospecific Quercus rubra, Ulmus americana, had a neutral
feedback (responded similarly to conspecific and heterospecific
soils (Figures 2, 3).
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FIGURE 3 | The strength of plant-soil feedbacks [lnRR = ln(RGR

conspecific/RGR heterospecific)] across the phylogenetic distance from the

focal tree to the heterospecific soil inocula source (Quercus rubra) (Table 2).

Relative growth rates were used to calculate lnRR for (A) plant diameter and

(B) plant height across 16 months in the field. Positive plant-soil feedbacks

have positive values and negative plant-soil feedbacks have negative values of

lnRR. Means ± 1 SE.

Were Soil Fungal Diversity and Community
Composition Influenced by Plant-Soil
Feedbacks, Focal Tree Species, and Plant
Relatedness After 16 Months in the Field?
Our next generation sequencing methods generated over
14.1 million reads, which were mapped to 3,360 OTUs in the
UPARSE pipeline. 780 OTUs (∼23%) could be assigned to
either the genus or species level. 833 OTUs (∼25%) could
not be assigned to a taxonomic level below “fungi.” Richness
ranged from 229 OTUs per sample to 1,186 OTUs per sample.
A diversity of fungal functional groups was represented in
our OTU database. OTUs included saprotrophic fungi (e.g.,
Mortierella, Coprinellus, and Pleurotheciella), ectomycorrhizal
fungi (e.g., Scleroderma, Tomentella, and Tuber), and
arbuscular mycorrhizal fungi including the genera Glomus
and Funneliformis.

Plant-soil feedbacks influenced fungal diversity (Figure 1)
but did not influence fungal community composition after 16
months in the field (Figure 4). We found marginally significantly
greater (p = 0.07) Shannon’s diversity of general fungal
communities in heterospecific than conspecific soils (Figure 1).
Trees receiving the heterospecific inoculant had greater diversity
than those receiving the conspecific inoculant in seven of the
nine species. Our paired t-tests, however, yielded insignificant
results, suggesting that Shannon’s diversity was not greater in
heterospecific soils (t = −0.64, p = 0.53). Across all species,
soil treatment (conspecific and heterospecific) did not have a

FIGURE 4 | Radar graph for general fungi communities in rhizosphere soils of

each of the four experimental plant families at the end of the second growing

season. Both conspecific and heterospecific treatments are represented.

Families include Fagaceae (Green), Juglandaceae (Purple), Ulmaceae (Gray),

and Betulaceae (Teal).

significant influence on fungal community structure [F(1, 50) =
0.87, p = 0.80]. Our limited number of replicates precluded
the use of PERMANOVA tests on single species; however,
we implemented NMDS ordination plots to provide a visual
representation of fungal communities derived from conspecific
and heterospecific inoculants. We noted few visual differences
in community structure between communities derived from
conspecific and heterospecific inoculants, except in the genus
Ulmus in which conspecific and heterospecific communities were
visually distinct.

Focal tree species had different normalized abundances of
ectomycorrhizal fungi and there was a great deal of variation
in normalized abundances, with some ectomycorrhizal fungi
being much more abundant than others (Figure 5). The most
abundant ectomycorrhizal fungal genus in our experiment was
Tuber. The genera Entoloma and Russula had low abundances
in association with all of the tree species. Tuber associated
strongly with distantly related tree species, suggesting limited
host specificity, at least in this fungal genus. Additionally, the
genus Quercus associated with more ectomycorrhizal fungi than
other tree genera (Figure 5).

Our soil fungal community analysis indicated significant
taxonomic conservatism amongst our experimental tree species.
In other words, closely related focal tree species had similar
fungal community composition after 16 months in the
field. Our PERMANOVA analysis indicated that both tree
genera [F(4, 46) = 1.39, p = 0.0002] and family [F(4, 47)
= 1.41, p = 0.001] had significant influences on fungal
community composition, indicating that closely related trees
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FIGURE 5 | Heatmap representing relationships between ectomycorrhizal

fungi genera and the experimental tree species. Heatmap values indicate

cumulative edge R normalized scores for each fungal genus in our OTU matrix.

Ectomycorrhizal fungi taxa are TUB (Tuber), LAC (Laccaria), TOM (Tomentella),

ENT (Entoloma), SCL (Scleroderma), and RUS (Russula). Red values are

greater normalized abundances and blue colors are lower normalized

abundances.

shared similar soil fungal community structure (Figure 4).
Row also had a significant effect in our genera model
[F(1, 47) = 1.56, p= 0.03].

DISCUSSION

Our experiment demonstrates that individual plant-soil
feedbacks can persist for at least two growing seasons in
temperate tree restoration. Tree responses to conspecific and
heterospecific inoculation varied by species following two
growing seasons. We found negative plant-soil feedbacks in
growth for one species and positive for another, in addition
to a negative plant-soil feedback in survival for a third
species. These effects of soil inocula on tree growth were
not consistent with a phylogenetic Janzen-Connell effect or
conserved soil mutualists. Though greater fungal community
diversity in heterospecific Quercus rubra soils persisted
over 16 months in the field, our analysis of community
composition suggests that trees planted into the restoration
experiment might be “conditioning” the soils in their root
zones. In other words, we likely observed convergence
between soil general fungal communities derived from
heterospecific and conspecific soil inoculants over time,
though a baseline characterization of the fungal community
would have been necessary to confirm this pattern. Further,
we found a tree taxonomic influence on the structure of soil
general fungal communities, with tree genera and families
exhibiting different communities. Thus, plant-soil feedbacks
are likely to interact with a species receiving an inoculant
in a way that depends upon the plant species identity and
evolutionary history.

Plant-Soil Feedbacks Influenced Tree
Growth and Survival for Some
Ectomycorrhizal Tree Species After 16
Months in the Field
Tree growth responses in our experiment varied by species,
supporting the findings of a previous pot experiment, which
utilized temperate trees (McCarthy-Neumann and Kobe, 2010).
Prior studies have indicated that many ectomycorrhizal trees
native to eastern North America facilitate the recruitment of their
own seedlings/saplings (Bennett et al., 2017). Field experiments
utilizing ectomycorrhizal fungal Tsuga canadensis provides
support for these findings, as saplings of this species have shown
improved performance in the soils of conspecifics compared
to heterospecifics (O’Brien et al., 2011, but see Reinhart et al.,
2012b). We identified conspecific facilitation in only one of
our ten experimental species (Q. macrocarpa). The conspecific
facilitation we observed in Q. macrocarpa is consistent with
dominance patterns in natural plant communities, as this species
commonly grows in open grassland communities where it alone
can dominate the tree community.

Interestingly, Q. rubra and C. ovata are common associates
in natural forests throughout the ecoregion in which our study
took place (the glaciated Allegheny plateau). The facilitation of
C. ovata growth by inoculation with Q. rubra conditioned soils
may represent a diversity enhancing mechanism in these forests.
C. ovata may have enhanced growth in tree fall gaps creating
by Q. rubra, a pattern which would suggest that plant-soil
feedbacks can persist for long periods of time and have important
implications for structuring tree communities in natural forests
(Bennett et al., 2017).

Plant-Soil Feedbacks Were Not Consistent
With a Phylogenetic Janzen-Connell Effect
or Conserved Mutualists
Our study differs from some previous work, which found
evidence consistent with a phylogenetic Janzen-Connell effect
(Liu et al., 2012; Sweet and Burns, 2017; Crawford et al.,
2019). Some of these studies had comparable sample sizes to
ours, including Liu et al. (2012) with 8 species of tree and
Sweet and Burns (2017) with 7 species of herbaceous plants.
There could be several, non-mutually exclusive, reasons for
this apparent discrepancy. First, we have only a single species,
Ulmus americana, that is highly phylogenetically distant from
heterospecific Quercus rubra, and more distant relatives, might
be needed to detect larger trends. Second, these trees have only
grown for 16 months in the field, and increases in growth,
especially height, were relatively modest. Longer time periods
may be needed to detect significant effects of soil inocula on the
growth of these tree species. Third, variance among species in
tree sources could add variance to our data, potentially making
detecting phylogenetic patterns more difficult. Fourth, meta-
analyses using an alternative measure of plant-soil feedbacks,
reciprocal pairwise plant-soil feedbacks (Bever et al., 1997), find
for plants that share a mycorrhizal guild, more distantly related
species have more negative plant-soil feedbacks (Crawford et al.,
2019). Alternatively, we used the individual plant-soil feedback
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metric, perhaps hinting that the type of metric used to measure
plant-soil feedbacks influences the results (i.e., plants might
perform relatively, but not absolutely, better in the soils of
distant relatives, compared with close relatives). Finally, these
analyses do not consider predictions about the variance in plant
responses over evolutionary time, again because of the single
sampled species at greater phylogenetic distances. However,
Brownian motion evolution suggests that the variance in plant
responses should be greater in the soils of more distant relatives
(Cadotte et al., 2017). Thus we need more experimental tests
with replication both across and, critically, within, phylogenetic
distances (Burns et al., 2019). The greater variance among the
Betula and Carya species than among Quercus (Figure 3) hints
that this prediction might hold true with increased sampling at
greater phylogenetic distances.

Root and Rhizosphere Fungal Diversity or
Community Composition Were Influenced
by Plant-Soil Feedbacks, Focal Tree
Species, and Plant Relatedness After 16
Months in the Field
Our next generation sequencing methods returned an incredible
diversity of fungi in our early successional restoration site.
Comparable hyperdiversity has previously been reported in
general fungi communities of boreal forest communities (Taylor
et al., 2014); however, we know of no similar estimations of
fungal diversity from temperate forested systems or temperate
restoration sites. While experimental treatments may have driven
the diversity observed in rhizosphere soils, other sources of fungi
such as nursery soils or the addition of wood chips could also
have contributed to overall fungal diversity. The maintenance of
such diversity through the establishment of a diverse array of
tree species may result in increased fine-scale niche partitioning
(Taylor et al., 2014) and increased microbial function (Carnovale
et al., 2019). The marginally greater Shannon’s diversity observed
in trees receiving the heterospecific Quercus rubra inoculant
suggests that heterospecific inoculation may introduce fungal
taxa not typically associated with certain tree genera, and that
these fungal taxa can persist for more than two seasons in
field conditions.

Prior work in agricultural areas has also shown tree genus
to be an important determinant of soil microbial community
structure (Carnovale et al., 2019), although the mechanisms
driving this pattern were unidentified in the cited study. Most
studies connecting tree species or genera with soil microbial
community structure investigate relationships between leaf litter
traits and microbial community composition (e.g., Bardgett and
Shine, 1999; Thoms and Gleixner, 2013). Our finding, however,
could not be explained by interspecies variability in litter traits,
as our soil samples were taken prior to leaf fall and excluded
any leaf material which may have been present. Therefore,
our finding is more likely the result of species having specific
differences in belowground traits such as root carbon exudation
(Broeckling et al., 2008). Above ground traits, however, can also
influence belowgroundmechanisms. Growth rate, a trait in which
our experimental species differed, has been shown to interact
with certain microbial functional groups (Pei et al., 2016). The

complexity of individual species responses to inoculation and the
influence of tree relatedness on subsequent fungal community
formation makes the development of broadly applicable methods
for inoculation challenging.

We observed similar fungal community composition in the
soils under congeneric and confamilial trees, consistent with
some other studies (e.g., Burns et al., 2015). Such phylogenetic
effects on soil fungal communities has the potential to lead to
“phylogenetic” Janzen-Connell effects (Liu et al., 2012), where
plants perform better in soils influenced by distant relatives
and less well in soils from close relatives (see also Sweet and
Burns, 2017). Escape from pathogens in the soil could potentially
help explain such patterns. However, in this tree restoration
experiment, tree growth over the first 16 months in the
field did not suggest such phylogenetic Janzen-Connell effects.
Rather, plant-soil feedback effects were generally species specific
(McCarthy-Neumann and Kobe, 2010; St-Denis et al., 2017).
We also noted that inoculation with heterospecific soils had the
greatest influence on fungal community assembly within Ulmus,
the genus most distantly related to Quercus. This suggests that
increased phylogenetic distance between the soil conditioning
species and the species receiving the soil transfer can result in
more profound changes to fungal community structure than
soil transfers between close relatives, though greater sampling of
distant relatives would be needed to confirm this hypothesis.

In conclusion, we found plant-soil feedbacks after 16 months
in the field for three tree species, with 2 out of 8 species showing
effects on growth and 1 out of 9 for survival. Thus our results
reinforce the hypothesis that the influence of plant-soil feedbacks
may be exaggerated in glasshouse studies when compared to
studies under natural conditions (Schittko et al., 2016; Heinze
and Joshi, 2018). Our next generation sequencing approach
found an influence of inocula treatment, tree species, and
tree relatedness on rhizosphere fungal diversity or community
structure. Therefore, planting a phylogenetically diverse tree
restoration site could result in a more diverse fungal community.
Future studies should measure ecosystem function (Lance et al.,
2019), especially across a phylogenetic diversity gradient in
tree restoration.
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