Sustainable Forestry (2023) Volume 6 Issue 1
doi:10.24294/sf.v6i1.2510

ORIGINAL RESEARCH ARTICLE

MycoPhylo experiment: Towards understanding how mycorrhiza
types and phylogenetic relationships affect soil biodiversity and func-
tioning

Leho Tedersool2”, Kaire Loit?, Ahto Agan!#4, Saleh Rahimlou?, Annaliisa Vask?, Manikandan Ariyan?,

Rein Drenkhan*

! Mycology and Microbiology Center, University of Tartu, 50409 Tartu, Estonia. E-mail: leho.tedersoo@ut.ee
2 Institute of Ecology and Earth Sciences, University of Tartu, 50409 Tartu, Estonia.

3 Institute of Agricultural and Environmental Sciences, Estonian University of Life Sciences, 51006 Tartu, Estonia.
4 Institute of Forestry and Rural Engineering, Estonian University of Life Sciences, 51006 Tartu, Estonia.

ABSTRACT

Natural forests and abandoned agricultural lands are increasingly replaced by monospecific forest plantations that
have poor capacity to support biodiversity and ecosystem services. Natural forests harbour plants belonging to different
mycorrhiza typesthatdifferin their microbiomeand carbon and nutrient cycling properties. Here we describe the Myco-
Phylo field experimentthatencompasses 116 woody plant species from three mycorrhiza types and 237 plots, with plant
diversity and mycorrhiza type diversity ranging from oneto fourand one to three per plot, respectively. The MycoPhylo
experiment enables us to test hypothesesabout the plant species, species diversity, mycorrhiza type, and mycorrhiza type
diversity effectsand their phylogenetic context on soil microbial diversity and functioningand soil processes. Alongside
with other experimentsin the TreeDivNet consortium, MycoPhylo will contribute to our understanding of the tree diver-
sity effectson soil biodiversity and ecosystem functioning across biomes, especially from the mycorrhiza type and phy-
logenetic conservatism perspectives.
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gens comparedwith mixedplantations!®!, and they mayfail to provide
niches to native organisms including plants, animals and microorgan-
isms[t%, The biodiversity of all these groups diversifies ecosystem ser-
vices and secures habitat persistence via increased tolerance to envi-
ronmental stress and resilience!],

Individual plant species contribute to the relative diversity effect
on ecosystem processes through their characteristic functional
traitst*?l. Since closely related species have more similar traits, their
relative effect can be predicted by phylogenetic relationships among



species. Such phylogenetic conservatism phenom-
enon applies to nearly all plant aboveground and
belowground traits including interactions with mu-
tualistic and antagonistic animals and microorgan-
ismslt3141 Several studies have indicated that plant
communities with diverse functional traits promote
soil biodiversity and ecosystem functioning rela-
tively more than species-rich communities with
low functional diversity™>1¢, Associations with
root symbiotic mycorrhizal fungi and nitrogen-fix-
ing bacteria are among the most important plant
traits from the perspectivesof nutritionandecosys-
tem processestt’l. Plantmycorrhiza types, in partic-
ular, determine soil microbial composition and
functionality™® as well as soil carbon and nutrient
cyclingft®-24,

Plant diversity effects can be most efficiently
studied using field experiments that enable avoid-
ing the confounding natural niche differentiation
by position in landscape, microsites, soil properties
and co-occurring plants??l. Botanical gardens, ar-
boreta and well-planned experimental plantations
can also be treated as sentinel sites for rapid moni-
toring of the occurrence and spread of pests and
pathogens. Such plantations offer additional infor-
mation about the population dynamics of antago-
nist species, their specificity to host plantsand rel-
ative host plant density dependence!?3l. In principle,
such analyses can also be applied to studies of mu-
tualists such as pollinators, mycorrhizal fungi and
root-nodulating, nitrogen-fixing bacterial,

Here we report the design and perspectives of
a taxonomically inclusive (105 woody speciesand
11 perennial herbaceous species) MycoPhylo field
experiment. This experiment aims to fulfil the fol-
lowing objectives of further research: i) assess the
role of tree and shrub taxonomic, functional and
phylogenetic diversity and mycorrhizatype diver-
sity on biodiversity and ecosystem processes; ii)
determine the effect of plant mycorrhiza type on
soil processes and ecosystem function; and iii) of-
fer a sentinel system for monitoring pest and path-
ogen colonisation and determination of host speci-
ficity of antagonist and mutualist communities.

2. Material and methods

2.1 Plantation establishment and mainte-
nance

The MycoPhylo experimentwas founded ona
former cropland at the R&hu experimental centre,
Estonia (58.36 °N, 26.52<E) in April 2018. Two
years previously, the experimental area (1.5 ha)
was tilled to a depth of approximately 30 cmand it
was densely covered by various grasses and forbs.
The site is flat, with maximum altitudinal differ-
ence of 0.5 m and no trenches. The soils are clay
loam, with ca. 30 cm AO horizon, 5 cm of A hori-
zon and a hard, clayey C horizon below 35 cm
depth. On average, the site has a soil pHyc 0f 6.5,
Ciota 0F 43.5 g kg™, Nyora Of 3.6 g kg?, phosphate
0f 0.25 gkg?, Kiota 0F0.39gkg?, Cages 0F 1.50 9
kg tand Mg 0f 0.20 g kg 251, The mean annual
temperature and mean annual precipitation are
5.9 °C and 631 mm, respectively.

The experimental area was divided into a
buffer zone and double rows of square experi-
mental plots (4 m <4 m for trees and bushes, 2 m
%2 m for shrubs and herbs) in the west-to-east di-
rection (Figure 1). The experimental site has a tri-
angular shape and itis surrounded by tree hedges
from three sides: Quercus robur and Corylus
avellana (planted in the 1970s) in the south, Tilia
cordata (planted in the 1970s) in the west and Tilia
platyphyllos (planted in 2005) in the northeast The
rooting zone of tree rows is well beyond the plan-
tation as determined by root sampling of trees and
observations of fungal fruiting bodies. However,
these rows of trees provide partial shade to the
plantation from the south late in the growing sea-
son (September) andfrom the west in the afternoon
(after 2 PM to 3 PM in the growing season). Tree
leaves are also blown partly into the experimental
area by wind. Spatial analysis is needed to account
for these potentially important light and litter gra-
dient effects.

According to the experimental design, the
plots harbour a monoculture, diculture (two plants
from each two species) or tetraculture (each plant
from a different species). For each richness treat-
ment, the four plant individuals belong to one, two
or three different mycorrhiza types—arbuscular
mycorrhiza (AM), ectomycorrhiza (EcM) or eri-
coid mycorrhiza (ErM). For tetracultures, the my-
corrhiza type represented by two plant species was
randomly selected. Plots with a single mycorrhiza
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Figure 1. Layout of the MycoPhylo experiment; cap letters,
numbers and encircled small letters indicate row labels, col-
umn numbers and positions of individual plants, respectively;
grey lines indicate plot borders; black lines indicate root bar-
riers.

type were also represented by all mono-, di- and
tetracultures. There were five species from each
mycorrhizatypethat were used with four replicates
in monocultures and mixed treatments (EcM: Bet-
ulapendulaRoth,PopulustremulaL., Quercusro-
bur L., Salix caprea L., Tilia cordata Mill.; AM:
Acer platanoides L., Fraxinus excelsior L., Ulmus
laevis Pall., Prunuspadus L., Sorbusaucuparia L.,
ErM: Empetrum nigrum L., Vaccinium vitis-idaea
L., V. macrocarpon Aiton, Calluna vulgaris (L)
Hull and Rhododendron sp.). Four monoculiure
replicates were also included for Picea abies (L.)
H.Karst, Pinus sylvestris L., Pseudotsuga men-
ziesii (Mirb.) Franco (EcM conifers), Thuja occi-
dentalis L., Juniperus communis L. and Taxus bac-
cata L. (AMconifers). Plantcombinations in dicul-
tures (n = 30) and tetracultures (n = 40) were as-
signed randomly without replacement, but identi-
cal combinations were avoided. Multiple other na-
tive and non-native trees, bushes, shrubs and her-
baceous species of various mycorrhizatypes were
grown in unreplicated monocultures to add power
to analyses of the phylogeny effect. Shrubs and
small bushes were planted in 2 <2 m monoculture
plotsat 1 <1 m intervals. A total of 12 perennial
herb and shrub individuals from 15 species (includ-
ing the putatively non-mycorrhizal species Carex
muskingumensis, Armoracia rusticana, Luzula Pi-
losa and Lupinus polyphyllus) were planted as un-
replicated monocultures in 2 x 2 m plots (three

rows separated by 20 cm with a 55 cm distance be-
tween them). Initially, 265 plots comprising 132
plant species were established. As of May 2022,
237 plots and 116 plant species survived (i.e., at
least three individuals were alive).

The planting stock originates from various
nurseries in Estonia and Latviaand one nursery in
Poland. We also replanted saplings from Estonian
woodlands and forests if these species were not
grown in nurseries or were too small. Accordingly,
seedlings and saplings were excavated and trans-
ported to the plantation site with roots embedded in
soil (5-50 L depending on plant size; originating
from forestsandsomenurseries), potted (0.5-10kg
soil; nurseries only) or bare-rooted (nurseries only;
Table S1). Planting was performed manually in
April and May 2018. Dead plants were replaced in
August 2018 and May 2019. Three monocultures
were planted additionally in May 2019 (Table S1).
Plants that died in summer 2019 were occasionally
replaced by other plants in the experimental plan-
tation to secure four focal plants in the plots and
eliminate plots with poor plant survival (11 plots).
All plants received 5-10 L of water at planting. In
2018, all plants were watered weekly with 5-10 L
of water because of a relatively severe drought
fromearly June to August. A larger areaaround the
experiment was fenced to prevent damage by hares
and larger herbivores.

The plots are mowed monthly with a small
tractor from May to September, and manually bi-
weekly around tree trunks. Shrubs and herbs are
weeded manually without disturbing the soil to re-
move competing herbs and avoid damage to focal
plants. In April 2022, the 4 <4 m tree plots were
separated from each other using a polycarbonate (4
mm diam.) barrier placed at 0 to 40 cm depth to
prevent root ingrowth from neighbouring plots
(Figure 1). All sides of the experimental area were
similarly separated to minimise potential below-
ground effects from the neighbouring tree rows.

2.2 Initial analyses

At the time of planting, a mixed sample of soil
and fineroots (roughly 1:1vol.)was collected from
four individuals of each plant species. These four
samples were pooled, dried in a drying cabinet at



35 °C and subjected to DNA extraction from 0.25
g of bead-homogenised material using the Soil Ul-
traClean DNA Isolation Kit (MoBio, Solana
Beach, CA, USA) followingthe manufacturer’s in-
structions. The DNA samples were maintained at
—20 °C until use. We analysed all eukaryotes from
these samples using the tagged universal primers
ITSO9munandITS4ngsUnias describedin the study
of Tedersoo et al.[?°], These samples revealed the
initial pre-planting microbiome, enabling us to
track the mutualistic and antagonistic organisms.
The control rhizosphere samples were obtained
from six locally abundant plant species. Five addi-
tional control samples of soil and roots were col-
lected from the planting areaand surrounding area
in 2019 followingthe Global Soil Mycobiome con-
sortium design (data released for analysis of soil
microbiome and chemical properties®]). FastQ
files of rhizosphere eukaryotes from the planting
materials are available from the Short Read Ar-
chive under accession PRINA898134.

In April 2022, we performed an initial screen-
ing of annual (for 2021) and total height growth in-
dicative of productivity. At the same time, we sys-
tematically evaluated the health status of trees in-
cluding damage by frost, pathogens, pests and ro-
dents. These measurements will be performed
every second year.

The phylogenetic relationships between culti-
vated plants were obtained fromthe phylogenetic
tree of land plants?8l using the ‘keep.tip’ function
in the ape package. The phylogenetic diversity of
each plotwas calculated with the “pd.calc’ function
in the caper package of R, using the total branch
length (TBL) method?". The phylogram and
Newick-formatted tree are given in Figure 2 and
Item S1, respectively.

3. Results and discussion

3.1 Unique features of the MycoPhylo ex-
periment

The MycoPhyloexperimentis specifically de-
signed to test plant phylogeny effects on plant and
soil microbiome and ecosystem functioning from
the mycorrhizatype perspective. The main benefits
of this experiment include the wide variety of taxa

(105 woody plant species from 36 families), the ar-
ray of life forms (trees, bushes, shrubsand herbs)
and large number of experimental units (237 plots).
The taxonomic breadth is important, because in
both regular and phylogeny-aware analyses, spe-
cies and higher taxonomic groups contribute to the
number of degrees of freedom, respectively!®,
Plant phylogeny was an important predictor in the
study of host effects on foliar fungal endophyte
communities in the BiodiversiTREE experiment®,
In comparison, another taxonomically inclusive
BEF-China experiment comprises 40 tree species
and 20 shrub species from 33 families?°l. In the
BEF-China experiment, all 40 tree species are rep-
resented by replicated monocultures, whereas 21
woody plant specieswere initially represented by
replicated monocultures in the MycoPhylo experi-
ment (Callunavulgaris monocultures perished).

Our experiment was designed to assess the ef-
fect of mycorrhiza types of plants and mycorrhiza
type richness of the plant community. The below-
ground plant traits mycorrhiza type and N-fixing
associations play a significant role in ecosystem
functioning®2%, resistance to soil-borne patho-
gens%and soil microbiome composition(&, My-
coPhylo is the first plant diversity experiment to
include ErM plants in sufficient replication (4 sur-
viving species with replicated monocultures and
six species with a single monoculture replicate).
Notably, all ErM plants are shrubs or small bushes;
to account for this life form bias, we also included
multiple shrubby EcM and AM plant species. We
also opted for a high degree of phylogenetic diver-
sity of EcM plants—initially 32 species from 18
genera and 7 lineages (sensuf®!; 29 species from
16 generaand 5 lineages survived)—because
members of different ECM plant lineages differ
strongly in their ecophysiological traitst2!. Design
of certain other experiments, e.g., BiodiversiTREE,
BEF-China, MacomerB3 and MyDivi, allows
testing mycorrhiza type effects, but these experi-
ments use EcM trees belonging to a maximum
three EcM plantlineages. In the MyDiv experiment,
all tree species have been reported as dual mycor-
rhizal, where EcM colonisation of the predicted
AM plants often exceeds that of predicted EcM
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Figure 2. Phylogram of plant species used in the MycoPhylo experiment.

plants®®, challengingthe mycorrhiza type compar-
isons (if true). Furthermore, these experiments do
not use root exclusion mechanisms, which may
strongly blur measurementsof soil biodiversityand

function. For example, Singavarapu et al.®! re-
ported that on average, 12%-17% of fungal reads
in AM-AM plant neighbours represented EcM
fungi from other surrounding trees. Preliminary re-
sults from other tree diversity experiments indicate



that EcM trees have a relatively lower growth rate
compared with AM trees and their mixture has no
synergistic effects on productivity®4. Mixing with
other trees reduces insect damage to AM trees but
not EcM treest®’l. EcM Fagales harbour a relatively
lower diversity of foliar fungal endophytes com-
pared with AM plantsB%. The diversity of neigh-
bouring trees reduced the proportion of specialists
and promoted foliar fungal diversity in young sap-
lingst® but not in older saplings?4l. AM trees sup-
port more diverse soil fungal communities than
EcM trees, but there is no difference in bacterial
richness and functionality®61.

The occurrence of monocultures of both na-
tive and introduced trees and shrubs allows us to
estimate the relative effect of non-native plants on
soil microbiome and functionality. In this respect,
our experiment resembles arboreta and botanical
gardens, where species from multiple origins are
planted in an aggregated manner. This design al-
lows inclusion of this experiment in a system of
sentinel plantations and recording local pests and
pathogensin introduced plants and vice versal?3l.

The MycoPhylo experiment is one of the
northernmost plant biodiversity experiments. To
the best of our knowledge, only a forestry field ex-
periment in Satakunta (5 tree species) in Finland
occursin the morenorthern, boreal forest biomel,
Most other experiments are located in the warm
temperate zone in European countries and USA[,
Therefore, these northernmost experiments offer
valuable information about the BEF effects in the
boreal and hemiboreal vegetation zone. From the
mycorrhiza type perspective, experiments are also
needed in tropical regions, because limiting nutri-
ents and plant adaptations likely differ.

3.2 Limitations

While the MycoPhylo experiment exhibits
unique features, italso has several limitations. First,
the small size of plots (4 <4 m and 2 %2 m) does
not allow the development of a forest microclimate
and is irrelevant from the perspectives of forestry
as well as bird and mammal studies. The entire
plots are subjected to strong edge and neighbour
effects, with a negligible exterior to interior gradi-

ent. These effects are partly ameliorated by our fo-
cus on soil habitats and the establishment of plastic
root barriers. Although these barriers minimise in-
growth of roots and fungi from neighbouring plots,
they may alter the drainage and limit migration of
free-living soil organisms. Second, the four plant
individuals per plot limit the biodiversity gradient
to 1-4 speciesand makeplots vulnerable to the loss
of any single plant individual. Although we substi-
tuted dead plants in early years, higher mortality
may be expected in the future due to exceptionally
cold winters, dry summers or pathogen outbreaks
(e.g., the ash dieback agent Hymenoscyphus frax-
ineus in F. excelsior that caused high mortality in
2018; (Table S2)). Up to 18 co-occurring woody
plant species have been planted per plotin tree di-
versity experiments, but most use four species for
the highest-diversity treatment(?2l,

4. Conclusions

The MycoPhylo experiment is particularly
useful for addressing questions from the mycor-
rhiza type and plant phylogeny perspectives. This
experiment complements other field experiments
in the TreeDivNet network?? and welcomes col-
laborative research in testing hypotheses in biodi-
versity-ecosystem function and species effects in
large-scale metastudies.

Supplementary materials

The following supporting information can be
downloaded at the joumal homepage, Item S1: The
Newick-formatted tree of plant speciesused in the
MycoPhylo experiment; Table S1: Information
about plant species used in the MycoPhylo experi-
ment including planting and survival details and
codes used in molecularanalyses; Table S2: Infor-
mation about plots used in the MycoPhylo experi-
ment.
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