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Abstract

Acute Oak Decline (AOD) is a decline-disease that has distinctive symptoms and poses a
serious threat to oak. Our understanding of the causal factors of AOD remains poor but it is
likely that multiple biotic and abiotic factors contribute to a deterioration in oak condition.
There is evidence that indications of above-ground tree health status are frequently reflected
below-ground in roots and associated ectomycorrhizal (ECM) fungal communities. However,
no study has yet explored these potential relationships specifically in AOD affected trees. In
this study, we compare the composition and range of functional exploration types of ECM
communities associated with AOD symptomatic oak trees and with AOD asymptomatic trees
in three oak-dominated woodlands in southern England. We additionally assess the abundance
of fine roots tips in surface soils beneath AOD symptomatic and asymptomatic trees and
consider soil physico-chemical effects on ECM communities. The frequency of fine root tips
was found to be significantly higher on asymptomatic compared with symptomatic trees in two
of the three woodlands studied and long-distance ECM exploration types had a weak positive
association with AOD asymptomatic trees. ECM diversity and composition were, however,
unaffected by tree symptom status and were not related to the frequency of fine root tips. ECM
diversity and compositional (but not exploration type) differences were evident only between
the different woodlands and this was related to a small number of soil chemistry variables. This
study revealed a relationship between the above-ground symptoms of AOD (i.e. stem lesions
and Agrilus biguttatus exit holes) and the frequency of live root tips, providing a potential
additional diagnostic tool of trees in decline and highlighting the importance of considering

belowground rhizosphere microbiome communities.

Key-words: Acute Oak Decline; ectomycorrhizal fungi; Quercus; exploration types; fine roots
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1. Introduction

Oak decline has been reported for more than 250 years in Europe (Thomas et al., 2002, Thomas,
2008). Since the 1980’s Acute Oak Decline (AOD) has emerged as a new disorder within the
wider oak decline complex, causing rapid decline in tree condition over three to five years and
with distinct symptoms that have been described among afflicted trees in Britain (Denman et
al., 2014, Brown et al., 2016). The symptoms include weeping stem patches, black exudate
emanating from longitudinal splits between bark plates and frequently, at late stages of decline,
larval galleries and exit holes on the bark formed by the buprestid beetle, Agrilus biguttatus
(Denman and Webber, 2009, Denman et al., 2014, Brown et al., 2015, 2016). A deterioration
in crown condition can also occur, although this is not considered to be a reliable symptom of
AOD (Denman et al., 2014). AOD mainly affects mature trees (DBH of 35-80cm) but can also
occur in young oaks and has caused much concern amongst woodland owners due to the threat
to oak tree vigour and survival, particularly among native oaks (i.e. Quercus robur and Q.
petraea) (Denman and Webber, 2009). The incidence of AOD-affected woodland is increasing
and currently occurs in southern and central England, extending also into Wales (Brown et al.,

2018).

No single causal agent of AOD has been identified and current thinking is that as a ‘decline-
disease’, AOD is caused by multiple abiotic and biotic variables that act together in
combination, cumulatively and/or sequentially to weaken the tree (Denman et al., 2018). The
bacterial species associated with AOD weeping stem lesions (i.e. Gibbsiella quercinecans,
Rahnella victoriana and, particularly, Brenneria goodwinii,) are found in much reduced
abundances in apparently healthy trees and so it is unclear whether this is a case of a weakened
tree becoming more susceptible to bacterial infection or bacteria causing AOD (Broberg et al.,

2018, Denman et al., 2018). The role of the Agrilus beetle is similarly unclear; i.e. it is not
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known whether their association with stem bleeds implicates them as a disease vector, or if
they are simply opportunists, taking advantage of weakened trees (Reed et al., 2018). Recent
research indicates that the distribution of trees with AOD correlates significantly with sites in
Britain that have high dry nitrogen (N) deposition, low rainfall, low elevation and warm
temperatures (Brown et al., 2018). However, at the woodland stand scale, oak trees displaying
AOD symptoms have been found to co-occur with apparently healthy ‘asymptomatic’ trees
and in some cases, show clear signs of remission (Brown et al., 2016). The distribution of AOD
symptomatic trees in woodlands has, nevertheless, been found to cluster at small scales (<40m)
in among apparently unaffected trees. This suggests that, as a possible interaction with regional
agents of stress (e.g. high temperatures, high N-loading), there may be a localised cause such
as: (i) a pest or pathogen that mainly afflicts competitively supressed trees in dense stands
(Zhou et al., 1997, Jones et al., 2003, Mosca et al., 2007, Brown et al., 2016), (ii) genetic factors
influencing susceptibility to AOD (Harper et al., 2016) and/or (iii) highly localised differences
in soil conditions and the wider rhizosphere microbiome that together might predispose

individual or small clusters of trees to AOD.

In this study we investigate the belowground rhizosphere microbiome of oak trees and how it
relates to local soil conditions under trees showing signs of AOD compared with nearby AOD
asymptomatic trees (i.e. without detectable lesions). More specifically, we explore how the
presence of lesions on AOD symptomatic trees influences ectomycorrhizal (ECM) fungal
communities colonising oak fine roots. ECMs are ancient fungal-plant mutualisms that play
important roles in tree growth and health. Comprised of hyphae that, glove-like, cover tree
roots, ECMs provide protection against pathogens (Marx, 1972, Sinclair et al., 1982, Duchesne
et al., 1988 a, b, Branzanti et al., 1999, Lambers et al., 2018) and drought (Parke et al., 1983,
Futai et al., 2008, Smith and Read, 2010), whilst also gathering soil nutrients and water for

their tree hosts in exchange for photosynthetic carbon (Read, 1986, Hobbie and Hobbie, 2006).
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Many ECM species have evolved functional traits that further enhance soil exploration and
resource acquisition capabilities in their host tree. Among these are medium- and long-distance
exploration types that send out filamentous hyphae from tree roots. As these hyphae are thinner,
longer and able to produce a wider array of enzymes than tree fine roots, they greatly increase

the efficiency of resource capture (Hobbie and Agerer, 2010).

The position of ECMs at the interface between the soil and tree roots results in a sensitivity not
only to changes in soil chemistry, but also to carbon allocation from the tree host to the ECM.
Any impacts on the ECM community are therefore also likely to have a knock-on impact on
tree performance. Conversely, a tree in poor condition is likely to have an impact on the ECM
community associated with its roots (Kuikka et al., 2003, Swaty et al., 2004, Pena et al., 2010,
Treu et al., 2014), potentially serving as an early warning of host stress (Scattolin et al., 2012).
Factors that are known to significantly affect ECM communities include high levels of N
deposition, low soil pH, available P, K and soil organic deposition rates measured as C:N ratios
(Tedersoo et al, 2014, Maghnia et al., 2017, Lilleskov et al., 2019). In high N environments,
for example, ECM species richness will tend to decline and the functional traits (e.g.
exploration strategies) of species that tolerate high N can differ significantly from those of
ECMs present in low N conditions (Cox et al., 2010, Jarvis et al., 2013, Suz et al., 2014,
Lilleskov et al., 2019). Such trends have been observed over short distances (e.g. 10m), such

as along N gradients from the woodland edge to the woodland interior (Kjaller et al., 2012).

Several studies have explored the composition of ECM communities on oak trees that are
displaying clear signs of decline compared with apparently healthy oak trees (Kovacs et al.,
2000, Montecchio et al., 2004, Lancelloti and Franceschini, 2013, Corcobado et al., 2014).
Most of these studies have been conducted along a gradient of tree decline frequently defined

on the basis of levels of ‘crown transparency’, or ‘defoliation’, but tree decline status has also
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been assigned based on the detection of cancer and the presence of pathogens in the crown,
bark or roots (e.g. Corcobado et al., 2014). The majority of these studies have also relied on
the morphological identification of ECMs, with only a small proportion adopting molecular
genetic techniques as a recognised method that can facilitate the detection and accurate
identification of a wider array of ECM genera and species (Peay et al., 2008). These studies
generally report that healthy trees either have similar or significantly greater proportions of fine
roots colonised by ECMs than trees showing signs of decline (Przybyl and Pukacka, 1995,
Kovacs et al., 2000). ECM species diversity and the abundance of certain ECM species (e.g.
Lactarius chrysorrheus, Cenococcum geophilum) have also tended to be higher on healthy trees
(Kovacs et al., 2000, Montecchio et al., 2004, Lancelloti and Franceschini, 2013, Corcobado
et al., 2014). Where the abundance of fine roots has additionally been assessed, fine root
abundance has been found to either be significantly higher (Corcobado et al., 2014), or

significantly lower (Bzdyk et al., 2019) in healthy oak trees compared with trees in decline.

The primary aims of this study were twofold. First, using morphological and molecular genetic
identification techniques, we sought to describe the taxonomic and functional composition of
ECM communities associated specifically with AOD symptomatic oak trees compared with
nearby oak trees showing no symptoms of AOD in three oak dominated woodlands. This
involved (i) exploring the potential to identify ECM species, families and/or functional types
that are indicators of AOD symptomatic trees, (ii) quantifying the relative abundance of live
roots tips available for ECM colonisation on AOD symptomatic and asymptomatic trees and
(iii) utilising the currently accepted defining features of trees with AOD symptoms (i.e. stem
or bark plate bleeds, Agrilus adult exit holes), rather than other criteria used to distinguish oak
trees in decline, such as high levels of canopy transparency, or defoliation. Second, we aimed
to assess the responses of ECM communities to any variations in soil chemistry (particularly

soil pH, and levels of soil N, K, P and C:N ratios) within and between the three woodland
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locations. We predicted that AOD aymptomatic trees would have a higher abundance of fine
roots than AOD symptomatic trees. This would be consistent with numerous studies comparing
fine root responses in declining and healthy trees of various tree species (Bauce and Allen,
1992, Blaschke, 1994, Power and Ashmore, 1996, Nechwatal and Ofwald, 2008, Corcobado
et al.,, 2014). We expected that a greater availability of colonisable fine roots on AOD
asymptomatic tree fine roots would be reflected by greater ECM species richness, diversity and
abundance compared with AOD symptomatic trees. In addition, we expected AOD
asymptomatic trees to recruit more often ECM exploration types that are thought to have higher
plant carbon demands for mycelial growth (e.g. medium fringe and long-distance exploration
types) (Lilleskov et al., 2019, Vesela et al 2019). This is based on the assumption that
belowground plant C allocation would be greater in AOD asymptomatic trees compared with
symptomatic trees of declining health, leading to altered ECM species composition (Saikkonen
et al., 1999). Furthermore, we predicted that ECM community composition would be sensitive
to levels of soil pH, N, K, P and/or C:N ratios and that any variation in soil chemical properties
between symptomatic and asymptomatic trees would be related to ECM community
composition responses to tree symptom status. For example, we expected lower ECM species
richness and fewer ECMs with long-distance exploration strategies on symptomatic trees

present at woodland locations with comparatively high soil N or low soil pH.

2. Material and methods
2.1 Study locations

Three oak-dominant woodlands known to have cases of AOD were selected for study in
southern England. These were Monks Wood (52°41°N, 0° 23°W), Stratfield Brake (51° 80°N,
1° 28’W) and Writtle Forest (51° 70°N, 0° 35’E). The three woodlands are at similar

developmental stages and experience similar climatic conditions, although at 28m a.s.l.
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Monks Wood is at a lower elevation than Stratfield Brake (69 m a.s.l.) and Writtle (90 m
a.s.l.) (see Table A.1 in Supplementary material). Soils at Monks Wood are also comparatively

fine-textured with higher silt and clay content than the other two woodlands.

At each woodland location, ten trees that showed symptoms of AOD and ten trees that were
asymptomatic for AOD were selected for sampling. The selected symptomatic and
asymptomatic trees were evenly distributed across each of the three woodlands (Figure 1).
AOD symptomatic trees were identified on the basis of the presence of bleeding cracks
between bark plates and in many, but not all trees, Agrilus biguttatus exit holes on the tree
bark (Denman et al., 2014). Crown density of all sample trees was additionally assessed in
5% classes where 0% was equivalent to a fully foliated tree crown. AOD symptomatic and
asymptomatic trees selected for sampling were found to have similar average crown density
(Table A.1). Sampled trees at Monks Wood and Stratfield Brake had comparable average
crown density, while sample trees in Writtle had considerably lower average crown density
than the other two woodland locations. We also assessed the average basal area of trees in the
vicinity of sample trees and percentage shrub cover around sample trees; these were both
found to be similar between symptomatic and asymptomatic trees and between the three
woodland locations. With the exception of five trees identified as Quercus petraea in Writtle

Forest, the trees selected at all three woodland locations were identified as Quercus robur.

2.2 Data collection
2.2.1 ECM surveys

In each of the oak woodlands, four soil cores were collected in the four cardinal directions
around the perimeter of each of the 10 symptomatic and 10 asymptomatic trees to yield 80

soil cores per woodland location. This sampling intensity was adopted based on previous
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sampling of ECMs in oak forests in southern England (Suz et al., 2014, Spake et al., 2016).
Soil cores were collected using a 2 cm diameter x 25 cm depth soil auger at distances no
greater than 0.5 m from the trunk of each tree. The soil auger was cleaned between each soil
core to avoid cross-sample contamination. Soil cores were moistened slightly with distilled
water to prevent desiccation of roots and transported in sealed plastic bags in cool boxes to
the laboratory where they were stored at 4°C for up to seven days. All soil cores were
collected from each woodland location on a single day. Sampling dates for each woodland
location were 8/10/2018 for Writtle, 18/10/2018 for Monks Wood and 6/11/2018 for

Stratfield Brake.

In the laboratory each soil core sample was gently rinsed with water in a clean 0.5 mm sieve
to separate soil particles and organic material from roots. To reduce sample bias and
maximise sample independence, three of the longest live ectomycorrhizal oak fine roots
(<2mm diameter) were removed during a five-minute timed search per sample using a
binocular microscope (10-40X) following Cox et al. (2010). Taking each ECM root in turn, a
single live ECM tip was removed, and its morphology (colour, ramification, shape and
mantle surface) described; photographs were taken for each morphologically distinct
morphotype. The ECM root tip was then placed in ethanol in a labelled Eppendorf tube for
molecular identification. Using the remaining soil core root samples, the number of live oak
root tips (<2mm diameter) were counted using a binocular microscope and their dry weight
recorded. Oak roots were identified based on their morphological characteristics such as
surface structure, colour of the periderm and ramification pattern (Meinen, 2008, Rewald et
al., 2012). Live roots were distinguished from dead roots largely on the basis of their turgidity
and intact appearance. Grass and herb roots were distinguished from tree roots by their

smaller diameter, non-lignified structure and lighter colour.
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Out of a total of 720 possible samples (three fine roots x four soil cores x a total of 60 trees at
three woodland locations), 33% (234) of the samples had either no visible ECM fungi on
roots (9%) or no roots available for sampling (23%). This occurred most frequently among
the asymptomatic trees at Monks Wood where 37% of samples had no fungi or roots to
sample. This compared with between 12% and 22% of samples with no roots or fungi to
sample among the sample trees at Writtle and Stratfield Brake, respectively (Table 1). There
were only two soil cores that had no roots and fungi to sample; these were a soil core under
an AOD symptomatic tree at Writtle and a soil core under an AOD asymptomatic tree at

Monks Wood.

2.2.2 Molecular identification of ECMs and categorisation into exploration types

ECMs were air-dried prior to extraction. Fungal DNA was extracted using the Extract-N-
AmpTM Plant PCR kit (Sigma-Aldrich, St.Louis, USA). ECMs were incubated at 95° C for
10 minutes in 10ul of extraction solution and subsequently diluted in 10ul of dilution solution
(Extract-N-Amp™ Plant PCR Kit, Sigma-Aldrich, St. Louis, MO, USA). 1ul of a 1:10 sterile
distilled water dilution of this mix was used as the DNA template in a 20l PCR reaction

using primers ITS1-F (Gardes and Bruns, 1993) and ITS4 (White et al., 1990).

DNA was amplified using the following reaction mixture: 1X NH PCR buffer (pH 8.8, 0.1%
Tween 20, 20mM MgCl> (Bioron, Germany), 4uM of each primer, 0.2mM of each dNTP and
0.25U SuperHot Tag DNA polymerase (Bioron, Germany). PCR was carried out using the
following program: initial denaturation of 94°C for 2 minutes, followed by 35 cycles of
denaturation at 94° C for 30 seconds, primer annealing at 53°C for 55 seconds and elongation
at 72°C for 50 seconds. The cycle was finished with a final elongation step of 7 minutes at

72°C. PCR products were checked on a 1.4% agarose gel and samples that produced a band

10
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were cleaned up with EXOSAP-IT (Affymetrix Inc., Santa Clara, USA) following the
manufacturer’s protocol and then sent for sequencing at Edinburgh Genomics. The sequences
were edited and trimmed using Sequencher v5.4 (Gene Codes Corporation, USA). All
sequence chromatograms were visually checked prior to inclusion in the analysis to ensure
accuracy of calls e.g. bases masked by dye peaks and corrected manually where necessary.
The edited fungal sequences were identified using the Basic Local Alignment Search Tool
(BLAST) against the National Centre for Biotechnology Information (NCBI) GenBank
public sequence database. Fungal sequences ranged from 129 bp — 853 bp in length, with
mean, median and mode lengths of 520 bp, 566 bp and 656 bp, respectively. We assigned
species or genus names to each morphotype where pairwise identity (i.e. the amount of
nucleotide that matches exactly between two different sequences) was equal to or higher than
96%. Most sequences (84%) returned an identical (100%) match. 12% of samples produced a
similarity match of 98-99% and a further 3% of samples had a similarity match of 96-97%.
To confirm the sequencing matches, morphotype characteristics were additionally compared
to reference photos (where these were available) on the DEEMY database (Agerer and
Rambold, 2020) and, to a lesser extent, the Ectomycorrhizae Descriptions Database (BCERN,
2020). A total of 69% of the ECM root tip samples could be identified to species or genus
levels using molecular and morphological identification. The remaining 31% of the ECM
root tip samples could not be identified morphologically, yielded no PCR result or did not
generate sufficiently high-quality sequences to be used to match against library sequences. In
37 cases, the fungi sampled on roots were removed from the dataset because they were found
to be saprotrophic fungi (e.g. Trichocomaceae) or fungi not proven to be ectomycorrhizal
including several members of the Ascomycota such as Eurotiales (1), Heliotiales (6),
Leotiomycetes (1), Pezizales (2) and Pezizomycetes (3). Samples of this kind were evenly

distributed across all woodland locations and among symptomatic and asymptomatic trees,
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making up no more than 19% of ectomycorrhizal root tip samples (Table 1). Once these non-
ECM fungi had been removed from the dataset, only two remained that had a sequence
similarity match of 97% and four had a sequence similarity match of 98%. The identity of
these six morphotypes could be confirmed by morphological identification to species or

genus level.

Mycorrhizal exploration types were assigned to each identified taxon following Agerer
(2001, 2006), Suz et al. (2014) and the DEEMY database (Agerer and Rambold, 2020). They
were further classified as low biomass (contact, short- and medium-distance smooth
exploration types) and high biomass (medium-distance fringe, medium distance mat and

long-distance exploration) based on Hobbie and Agerer (2010).

2.2.3 Soil assessments

For each of the ten symptomatic and ten asymptomatic trees selected per woodland location,
four soil samples (40-50 g field moist) were collected using a soil auger at a depth of 5-15 cm
from the four cardinal directions at 1.5-2.0 m away from the tree trunk. Soil samples were
subsequently pooled to produce one composite sample per tree. Pooled soil samples were
homogenized by sieving (<2 mm) and then air-dried prior to analysis of soil physico-
chemical properties. Soil particle size distribution was determined using a Malvern
Mastersizer 3000 hydro laser granulometer: i.e. samples were dispersed in 3.3% (m/v)
NaesO18Ps and 0.7% (m/v) Na.COs and measured in blue and red light and data reported using
a Fraunhofer size distribution model. Soil pH was determined in deionised water (soil: water,
1: 2.5 (m/v)). Total C and N contents were determined on ground samples (Pulverisette 5
Planetary Mill) using a FLASH CN elemental analyser (ThermoFisher Scientific).

Extractable phosphorus was determined by the Olsen method (Olsen et al., 1954). For

12
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determination of exchangeable cations (K* and AI*"), soil samples (2.5 g) were extracted with
3 x 30 ml 0.1M BaCl; and pooled extracts (made up to 100 ml) analysed using a Perkin
Elmer 3000 ICP-OES fitted with a cross flow nebuliser (Cools and De Vos, 2016). Technical
replication was included for the analysis as follows: particle size distribution (5), pH (3), total
Cand N (2), Olsen P (2) and exchangeable cations (2). In the case of BaCl, extractions for
AI** a low percentage of samples recorded concentrations in the extract below the detection
limit (2.55 pg L BaCl; extract) for the analysis. Where this was the case, concentrations

were entered into calculations as half the detection limit.

2.3 ECM data preparation

Raw data were pooled at two levels: 1) tree AOD symptom status (i.e. ten asymptomatic or
ten symptomatic trees combined at each woodland location) and 2) individual tree level. At
the tree AOD symptom status level, an ECM species occurring on a sample tree was
attributed a score value of 1, with all non-occurring species scoring a zero (0,1 matrix).
Therefore, at the tree symptom status level, the maximum count for any one ECM species
was 10. At the individual tree level, a single ECM species could score a maximum count of
12 occurrences if present in all samples (three roots x four positions around each tree). As
well as establishing tree and tree symptom status level matrices for ECM ‘Species’, this same
process was repeated considering ECMs grouped by ‘Family’ or by ‘Exploration Type’,

resulting in a total of six data matrices.

2.4 Data analysis

All analyses were conducted in R version 3.5.1 (R Core Team, 2018), with graphics produced

using ggplot2 in R (Wickham, 2016). To assess how well the sampling intensity captured the
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diversity of ECM species present, species accumulation curves at the three woodland
locations were estimated using the specaccum() function in vegan() package in R. The effects
of tree AOD symptom status and woodland location effects on ECM assemblages were
undertaken by fitting multivariate general linear models (GLiMs) to the datasets at the
individual tree level using the R package mvabund (Wang et al., 2018), with Poisson errors
and log link function (residual plots confirmed a reasonable fit of this model structure).
Along with the interaction of woodland location and tree symptom status, the following soil
measurements were included in the multivariate GLiMs: pH, C:N ratio, Total N (%), Olsen’s
P (mgkg™?), exchangeable K content (mg kg?) and exchangeable Al content (mg kg™). Any
ECM species, families or exploration types with only a single occurrence were removed from
the data sets prior to analysis to aid model fit. Analysis of deviance was conducted on each
factor, with pit-trap resampling, 999 iterations and score tests used to determine the

significance of woodland location, tree symptom status and soil measurements.

To examine tree-level ECM species/families/exploration type assemblages, a Bray-Curtis
dissimilarity matrix was calculated for each data set, using the vegan package in R (Oksanen
et al., 2019). Nonmetric Multidimensional Scaling (NMDS), using 1,000 random starts, were
performed on the Bray-Curtis dissimilarity matrices, with appropriate numbers of dimensions
determined based on stress levels. Stress plots were used to determine goodness-of-fit, and
the first two axes were plotted to visualise the data set. Ordination spider plots were colour-
coded by significant factors, and ordination spiders plotted (using mean ordination points per

woodland location/tree symptom status) to visualise factors.

Soil physico-chemical characteristics were compared among symptomatic and asymptomatic
trees at each woodland location and between woodland locations using analysis of variance
with robust standard errors using Box-Cox transformed data. Where analysis of variance

indicated an overall main effect of woodland location on soil physico-chemical properties,
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Games-Howell post-hoc testing was used for pairwise comparisons between means for
woodland location across tree symptom status. At the tree level, one-way analysis of
variance and Tukey tests were used to test for significant differences in ECM species
richness, diversity (Shannon-Weaver, 1949) and the root characteristics (dry weight, number
of root tips) of AOD symptomatic and asymptomatic trees at each woodland location. Root

datasets were log-transformed prior to analyses.

3. Results
3.1 ECM species abundance, richness and community composition across woodland locations

A total of 90 ECM species belonging to 26 genera and 18 families were identified across all
woodland locations. 45 of the ECM root tip samples were identified to species level and the
remaining 45 to genus level. At all three woodland locations evenness of the ECM
communities was low and species abundance followed a Zipf distribution, indicating that
communities had a few species that were very abundant and a long tail of rare species (See
Figure A.1 in Supplementary material). Species accumulation curves for each woodland
indicate an adequate sampling intensity to capture ECM diversity present (Figure A.2). The
average species richness across all three woodland locations was 33 with the lowest number
of species recovered at Stratfield Brake (17) and the highest number at Writtle (45) (Table 1).
The Russulaceae made up the greatest proportion of ECM species at all three woodland
locations (51% of all ECM samples), within which the genera Lactarius (39%) and Russula
(11%) dominated. Also present at all woodland locations but in lower abundances were
members of the Boletaceae (12%), Gloniaceae (represented exclusively by Cenococcum
geophilum - 11% of ECM root samples), Thelephoraceae (10%) and Cortinariaceae (3%)

(Figure A.3). Several ECM families were found only at Writtle (i.e. Amanitaceae,

15



364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

Discinaceae, Elaphomycetaceae, Hydnangiaceae, Paxillaceae, Pezizaceae), or only at Monks
Wood (i.e. Entolomataceae, Inocybaceae, Sclerodermataceae, Tuberaceae), while no ECM
families occurred uniquely at Stratfield Brake. The most abundant species overall were
Lactarius quietus (33.8%), C. geophilum (10.4%), Boletus rubellus (6.2%), Tomentella
sublilacina (5.2%) and Lactarius subdulcis (2.7%); the remainder of species were present in

proportions of <2% of all species (Figure A.4).

The multivariate GLiM outputs indicated that ECM communities at the three woodland
locations differed significantly from one another at the species and exploration type levels,

but not at the family level (Table 2a-c).

3.2 ECM communities and AOD symptom status of sample trees

At each of the three woodland locations, levels of ECM species richness and diversity were
similar between AOD symptomatic and asymptomatic trees (Table 1). AOD symptomatic and
asymptomatic trees also showed no differences in the composition of ECM species, families,
or exploration types (Table 2). However, when considering ECMs categorised by exploration
type, GLiMs revealed a weak significant interaction effect between woodland location and
the AOD symptom status of sample trees (p> 0.01) (Table 2c). ECM species with a long-
distance exploration strategy tended to be associated more often with asymptomatic trees and
ECM species categorised as contact-medium smooth types were associated more often with

AOD symptomatic trees (Figure A.5).

3.3 Soil properties and ECM communities
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We found that soil pH, P and Al were all significantly (p<0.05) affected by tree symptom
status as a main effect, although effects depended on woodland location for pH and Al. The
effects of tree symptom status on N was marginal (p=0.052). Woodland location exerted a
comparatively strong influence on soil physico-chemical properties. Writtle soils were
composed of significantly higher proportions of sand compared with Monks Wood and
Stratfield Brake, while Monks Wood had comparatively fine textured soils with significantly
higher silt and clay content (silt-clay content ~70%) (Table A.2). Monks Wood additionally
had significantly higher soil pH and lower exchangeable P than the other two woodlands,
while the C:N ratio at Writtle was significantly higher than Monks Wood and Stratfield
Brake. Exchangeable K concentrations were higher at Monks Wood than at Writtle, with
intermediate concentrations at Stratfield Brake. Highest concentrations of exchangeable Al
were found at Stratfield Brake (almost two- and three-fold higher than Writtle and Monks
Wood, respectively), with no significant difference in Total N found between the three

woodland locations.

The GLiM outputs indicated that ECM communities were significantly influenced at the
species level by soil C:N ratios, Total N and levels of exchangeable Al. At the family level,
ECM communities were significantly influenced only by levels of Al. When categorised by
exploration type, ECMs showed no clear response to any of the measured soil chemistry
variables (Table 2). NMDS ordination spiders illustrate a consistent separation of species
assemblages by woodland location, C:N ratios and levels of exchangeable Al (Figures 2 and
3, respectively), but no clear separation of species assemblages according to tree AOD

symptom status.

3.4 Root characteristics
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No significant root dry weight differences were found between AOD asymptomatic and
symptomatic trees, but significantly more root tips were found per soil core in asymptomatic
compared with symptomatic trees in Stratfield Brake (p<0.05) and Writtle (p<0.01). The dry
weight and frequency of root tips per soil core was noticeably lower at Monks Wood

compared with Stratfield Brake and Writtle (Table 1).

4. Discussion

4.1 Are there significant differences in the number of root tips and composition of ECM

communities on fine roots of AOD symptomatic and asymptomatic oak trees?

This study found no difference in the species richness, diversity and composition of ECM
communities on AOD symptomatic and asymptomatic trees. However, there was a weak
interaction between woodland location and the symptom status of trees that resulted in a
positive association between ECMs with a long-distance exploration type and AOD
asymptomatic trees; this positive association was only evident at woodland locations with
coarser sediment texture, lower soil pH and higher soil P and Al (i.e. Stratfield Brake and
Writtle). Soil cores collected at the base of AOD asymptomatic trees were additionally found
to have significantly more root tips per soil core compared with soil cores collected at the
base of symptomatic trees at two out of the three woodland study locations (Stratfield Brake
and Writtle). The third woodland, Monks Wood, had considerably less roots in each soil core,
regardless of tree symptom status, which may have been due to the fine-textured soils at this

woodland location that have a greater potential to become water-logged.

These results align well with our prediction that asymptomatic trees will have the advantage
of a greater capability to explore and exploit resources belowground than symptomatic trees
by virtue of a higher number of root tips hosting greater proportions of long-distance ECM

exploration types. It is unclear though whether the higher proportions of long-distance ECM
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exploration types and higher frequency of root tips found on asymptomatic trees are
reflections of the better condition of these trees, or instead, are due to a more favourable soil
environment under asymptomatic trees compared with symptomatic trees. As discussed
below (section 4.2), we were not able to detect any soil physico-chemical differences,
consistent across forest locations in the surface soils around AOD symptomatic and

asymptomatic trees.

With the exception of a much higher abundance of Boletaceae at two of the woodland
locations (Stratfield Brake and Writtle), the ECM fungal communities recorded at the three
study locations were composed of the same dominant genera (i.e. Russula, Lactarius,
Cenococcum, Tometella) and had similar ECM richness as previous studies of ECM
communities based on Q. robur/Q. petraea in England (Suz et al. 2014, Spake et al., 2016)
and further afield in Europe (Van Driessche and Piérart, 1995, Causin et al., 1996, Kovacs et
al., 2000, Mosca et al. 2007, Bzdyk et al., 2019). Nevertheless, some caution is required
when making comparisons between the results of our study and other similar studies
comparing ECM communities on ‘healthy’ and ‘declining’ oak trees. One of the main
difficulties’ rests in the definition of what constitutes a symptomatic tree. In contrast to many
studies, we applied a definition of the symptoms we considered to indicate an AOD
symptomatic tree (i.e. stem lesions - Denman et al., 2014) and did not use crown condition
and levels of defoliation as part of the distinguishing features. Thus, proceeding cautiously
with study comparisons we find that, in terms of root tip abundance, our results concur with
Corcobado et al. (2014) who also found that fine root abundance was significantly higher in
healthy compared with declining oak (Quercus ilex) trees (but see opposite results in Bzdyl et
al., 2019). The same finding has been observed in a host of other studies comparing root tip
frequency in declining and healthy trees, although these involved other, non-oak tree species

(Bauce and Allen, 1992, Blaschke, 1994, Power and Ashmore, 1996, Nechwatal and OBwald,
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2008). In comparing our findings of ECM richness, diversity and community composition on
AOD symptomatic and asymptomatic trees, our study results align with the findings of
Causin et al. (1996) and Lancellotti and Franceschini (2013). As in our study, Causin et al.
(1996) found no relationship between the health status of sampled Q. robur trees sampled and
ECM species richness and community composition. Similarly, Lancellotti and Franceschini
(2013) found no difference in ECM richness and diversity on the fine roots of healthy and
declining Quercus suber trees, although they report significant differences in the evenness
and taxonomic distinctness (Clarke and Warwick, 1998) of ECM communities across a tree
decline gradient. In contrast to these results are numerous other studies that have observed
significant differences in the compositions of ECM communities on healthy and declining Q.
robur /Q. petraea (Kovacs et al., 2000, Mosca et al., 2007, Bzdyk et al., 2019) and on healthy
and declining Q. ilex (Montecchio et al., 2004, Corcobado et al., 2014, 2015). Significantly
lower species diversity in declining trees is reported by Mosca et al. (2007) and Bzdyk et al.
(2019). Bzdyk et al. (2019) also found a significantly lower diversity of ECM exploration
types in declining compared with apparently healthy oak trees. Most of the other studies
showing significant ECM compositional differences between declining and healthy trees have
reported significantly different proportions of dominant ECM species on declining and
healthy trees (Kovacs et al., 2000, Montecchio et al., 2004, Corcobado et al., 2015). For
example, Kovacs et al. (2000) found that Amanita rubescens, Russula spp., Lactarius spp.
and C. geophilum, were significantly more abundant on the fine roots of Q. robur/ Q. petraea
trees that displayed good health compared with declining trees (i.e. high levels of
defoliation). Similarly, Montecchio et al. (2004) found that Russula spp., C. geophilum and
the oak specialist ECM species Lactarius chrysorrheus were more abundant on healthy

compared with declining Q. ilex trees (i.e. high levels of defoliation). We found no difference
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in the relative abundances of any of these dominant ECMs in our AOD symptomatic and

asymptomatic trees.

4.2 Are ECM communities influenced by any significant differences in soil physico-chemical

conditions under symptomatic and asymptomatic trees and across woodland locations?

ECM community composition was influenced by significant differences in soil physico-
chemical conditions between woodland locations rather than any detectable soil variable
differences between symptomatic and asymptomatic trees. Woodland locations differed
significantly in terms of soil pH, C:N ratios, P, exchangeable Al and sediment textural
properties with significant ECM community effects observed in relation to a number of these
differences in soil variables. Across the three woodland locations, shifts in ECM community
composition could be related, as in previous studies (e.g. Suz et al 2014, Maghnia et al.,
2017, Bzdyk et al., 2019, Defrenne et al., 2019), to significant differences in C:N ratios, Total
N and exchangeable Al and may explain variations in ECM species richness and diversity
among the woodlands. For example, the comparatively low ECM species richness and
diversity at Stratfield Brake could be associated with the significantly higher levels of
exchangeable Al at Stratfield Brake compared with the other two woodland locations; Al is
known to have a negative impact on many ECMs (Entry et al., 1987, Rihling and
Sdoderstrom, 1990, Jongbloed and Borst-Pauwels, 1992). Also noteworthy are the relatively
high C:N ratios at Writtle which are indicative of lower rates of decomposition than at the
other two woodland locations. This may be a reflection of the comparatively high ECM
species richness and diversity at this site contributing to a suppression of saprotrophic fungal
activity and consequently reduced levels of decomposition (i.e. a weakening of the ‘Gadgil

effect’ - Avril and Hawkes, 2016, Fernandez and Kennedy, 2016).
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As well as compositional differences between woodland locations, we also observed a
number of taxa-specific responses to the significant differences in soil properties between
woodland locations. For example, C. geophilum occurred in higher abundances at Writtle
compared with the other two woodland locations. This ubiquitous species has been reported
to be associated with high soil P (Maghnia et al., 2017) and demonstrates a tolerance, and
possibly a preference, for drier soil conditions (Kovacs et al, 2000, Di Pietro et al., 2007,
Corcobado et al, 2015). Writtle had the highest levels of soil P of the three woodland
locations and was likely the driest of the three woodland locations with high proportions of
sand in surface mineral layers. Tomentella species also demonstrated a taxa-specific response
to the differences in soil P with higher species richness and abundance of Tomentella at the
significantly lower levels of P encountered at Monks Wood. This trend reflects observations

by Maghnia et al. (2017) for Tomentella.

Contrary to expectations, ECM community compositions were unaffected by the significant
differences in soil pH recorded at Monks Wood (pH 4.7) and Stratfield Brake/ Writtle (at
both woodlands the mean soil pH was 3.6). This is despite evidence from other studies (e.g.
Suz et al., 2014) that ECM species composition and functional exploration types are sensitive
to changes in soil pH. It is possible that the pH ranges across our woodland locations were
not sufficiently great (mean pH of 3.6 to 4.7) to induce a response in ECM communities as in
previous studies where pH gradients studied were much greater (e.g. range of pH3 to pH7 in

Suz et al., 2014).

5. Conclusions

A key finding of this investigation was the significantly lower number of root tips present in

soil cores collected under AOD symptomatic trees compared with soil cores collected
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beneath asymptomatic trees at two of the three woodland study locations. This revealed a
relationship between above-ground symptoms used to identify AOD-afflicted trees (i.e. stem
lesions and Agrilus beetle exit holes) and the abundance of root tips in surface soil layers,
providing a potential additional diagnostic feature of trees in decline. Fewer root tips on
symptomatic trees suggested that there would be a reduced capacity for ECMs to form
mycorrhizal associations compared with the asymptomatic trees, but our results showed no
evidence this. We found no differences in ECM composition, richness or diversity between
symptomatic and asymptomatic trees, although ECMs with a long-distance exploration type
were more commonly found on asymptomatic trees in more free-draining soils. The
composition of ECM communities was nevertheless clearly related to the differing soil
physico-chemical conditions at the tree woodland locations and specifically to differences in
exchangeable Al, Total N and C:N ratios. While we recorded some significant differences in
soil chemistry (soil pH, P and exchangeable Al) between symptomatic and asymptomatic
trees, these differences may have been distilled by the strength of woodland location effects.
A higher replication rate of AOD symptomatic and asymptomatic trees at each woodland
location is recommended for a future study to explore any potential important soil chemistry
differences between symptomatic and asymptomatic trees and related effects on ECM
communities as well as the wider tree-associated soil microbiome. Further work is also
required to assess the cross-regional extent of AOD using a standardised definition; this

would enable more reliable comparison of results between studies than is currently possible.

23



551

552

553

554

555

556

557

558

559

560

561

562

563
564
565
566
567
568
569
570
571
572
573
574
575

576

577

CRediT authorship contribution statement

Nadia Barsoum: Conceptualization, Investigation, Writing - original draft, Writing - review
& editing. Stuart A’Hara: Investigation, Writing - review & editing. Joan Cottrell: Writing -
review & editing. Jack Forster: Investigation, Writing - review & editing. Liz Shaw: Writing
- review & editing. Karsten Schonrogge: Writing - review & editing. Mateo Garcia: Writing -

review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

Acknowledgements

This work was sponsored by the Forestry Commission England (SLA/18/19/062) and a grant
for the project entitled ‘PURPOSE’ that was jointly funded by the UK's Biotechnology and
Biological Sciences Research Council (BBSRC), Department for Environment, Food and
Rural Affairs, Economic (DEFRA) and Social Research Council, Forestry Commission,
Natural Environment Research Council and the Scottish Government, under the Tree Health
and Plant Biosecurity Initiative (LWEC/THAPBI3; grant number: BB/N022645/1). Use of
the three woodland locations was granted by the Woodland Trust (Stratfield Brake), Natural
England (Monks Wood) and a private woodland owner (Writtle). We thank Mark Franklin,
Chris Gardiner and Oliver Booth for facilitating access to the woodland field sites. We are
grateful to Paul Turner, Steve Whall, John Lakey, Harriet Robson and Liz Richardson for
assistance with field work, Mark Ferryman, Steve Coventry, Anne Dudley, llse Kamerling
and Mark Oram for assistance with lab work and we thank Andy Taylor for assistance with
ECM identification.

24



578

579
580
581

582
583

584
585

586
587

588
589
590

591
592

593
594

595
596

597
598

599

600

601
602
603

604
605
606

References

Agerer, R., 2001. Exploration types of ectomycorrhizae — A proposal to classify
ectomycorrhizal mycelial systems according to their patterns of differentiation and putative
ecological importance. Mycorrhiza 11, 107-114.

Agerer, R., 2006. Fungal relationships and structural identity of their ectomycorrhizae.

Mycological Progress 5, 67—-107.

Agerer, R., Rambold, G., 2020. DEEMY — An Information System for Characterization and
Determination of Ectomycorrhizae. http://www.deemy.de/ (accessed 4 Sept 2020).

Averill, C., Hawkes, C. V., 2016. Ectomycorrhizal fungi slow soil carbon cycling. Ecology
Letters 19(8), 937-947. https://onlinelibrary.wiley.com/doi/abs/10.1111/ele.12631

Bauce, E., Allen, D.C., 1992. Condition of the fine roots of sugar maple in different stages of
decline. Canadian Journal of Forest Research 22 (2), 264-266. https://doi.org/10.1139/x92-
034.

BCERN - British Columbia Ectomycorrhizal Research Network, 2020.
http://forestrydev.org/biodiversity/bcern/profiles/profiles.shtml (accessed 4 Sept. 2020).

Blaschke, H., 1994. Decline symptoms on roots of Quercus robur. European Journal of
Forest Pathology 24 (6-7), 386-398. https://doi.org/10.1111/j.1439-0329.1994.tb00832.x

Branzanti, M.B., Rocca, E., Pisi, A., 1999. Effect of ectomycorrhizal fungi on chestnut ink
disease. Mycorrhiza 9, 103-109.

Broberg, M., Doonan, J., Mundt, F., McDonald, J. 2018. Integrated multi-omic analysis of

host-microbiota interactions in acute oak decline. Microbiome 6, 21.
Brown, N., Inward, D.J.G., Jeger, M., Denman, S., 2015. A review of Agrilus biguttatus
in UK forests and its relationship with acute oak decline. Forestry 88, 53-63.

Brown, N., Jeger, M., Kirk, S., Xu, X., Denman, S., 2016. Spatial and temporal patterns in
symptom expression within eight woodlands affected by Acute Oak Decline. Forest
Ecology Management 360, 97-109.

Brown, N., Vanguelova, E., Parnell, S., Broadmeadow, S., Denman, S., 2018. Predisposition
of forests to biotic disturbance: Predicting the distribution of Acute Oak Decline using

environmental factors. Forest Ecology Management 407, 145-154.

25


http://www.deemy.de/
https://onlinelibrary.wiley.com/doi/abs/10.1111/ele.12631
https://doi.org/10.1139/x92-034
https://doi.org/10.1139/x92-034
http://forestrydev.org/biodiversity/bcern/profiles/profiles.shtml
https://doi.org/10.1111/j.1439-0329.1994.tb00832.x

607  Bzdyk, R.M., Olchowik, J., Studnicki, M., Nowakowska, J.A., Oszako, T., Urban, A.,
608 Hilszczanska, D., 2019. Ectomycorrhizal colonisation in declining oak stands on the
609 Krotoszyn Plateau, Poland. Forests 10, 30. https://doi.org/10.3390/f10010030.

610  Causin, R., Montecchio, L., Accordi, S., 1996. Probability of ectomycorrhizal infection in a

611 declining stand of common oak. Annales des Sciences Forestiéres 53, 743-752.

612  Clarke, K.R., Warwick, R.M., 1998. A taxonomic distinctness index and its statistical
613 properties. Journal of Applied Ecology 35, 523-531.

614  Cools, N., De Vos, B., 2016. Part X: Sampling and Analysis of Soil, in: UNECE ICP Forests
615 Programme Coordinating Centre (Ed.), Manual on methods and criteria for harmonized
616 sampling, assessment, monitoring and analysis of the effects of air pollution on forests.

617 Thinen Institute of Forest Ecosystems, Eberswalde, Germany, pp. 29. + Annex

618  Corcobado, T., Vivas, M., Moreno, G., Solla, A., 2014. Ectomycorrhizal symbiosis in
619 declining and non-declining Quercus ilex trees infected with or free of Phytophthora
620 cinnamomi. Forest Ecology and Management 324, 72-80.

621 https://doi.org/10.1016/j.foreco.2014.03.040.

622  Corcobado, T., Moreno, G., Marisa Azul, A.M., Solla, A., 2015. Seasonal variations of
623 ectomycorrhizal communities in declining Quercus ilex forests: interactions with

624 topography, tree health status and Phytophthora cinnamomi infections. Forestry 88, 257—
625 266.

626  Cox, F., Barsoum, N., Lilleskov, E. A., Bidartondo, M. 1., 2010. Nitrogen availability is a
627 primary determinant of conifer mycorrhizas across complex environmental gradients.
628 Ecology Letters 13, 1103-1113.

629  Defrenne, C.E., Philpott, T.J., Guichon, S.H.A., Roach, W.J., Pickles, B.J., Simard, S.W.,
630 2019. Shifts in ectomycorrhizal fungal communities and exploration types relate to the
631 environment and fine-root traits across interior Douglas fir forests of western Canada.
632 Front. Plant Sci. 10, 643.

633  Denman, S., Webber, J., 2009. Oak declines: new definitions and new episodes in Britain.
634 Quarterly Journal of Forestry 103, 285-290.

635 Denman, S., Brown, N., Kirk, S., Jeger, M., Webber, J., 2014. A description of the symptoms
636 of Acute Oak Decline in Britain and a comparative review on causes of similar disorders on
637 oak in Europe. Forestry 87, 535-551.

26


https://doi.org/10.3390/f10010030
https://doi.org/10.1016/j.foreco.2014.03.040

638
639
640
641
642

643
644

645
646
647

648
649
650

651
652
653

654
655

656
657
658
659

660

661

662
663
664
665
666

667
668

Denman, S., Doonan, J., Ransom-Jones, E., Broberg, M., Plummer, S., Kirk, S., Scarlett, K.,
Griffiths, A.R., Kaczmarek, M., Forster, J., Peace, A., Golyshin, P.N., Hassard, F., Brown,
N., Kenny, J.G., McDonald, J.E., 2018. Microbiome and infectivity studies reveal complex
polyspecies tree disease in Acute Oak Decline. International Society Microbial Ecology
Journal 12, 386-399.

Di Pietro, M., Churin, J.L., Garbaye, J., 2007. Differential ability of ectomycorrhizas to
survive drying. Mycorrhiza 17, 547-550.

Duchesne, L.C., Peterson, R.L., Ellis, B.E., 1988a. Interaction between the ectomycorrhizal
fungus Paxillus involutus and Pinus resinosa induces resistance to Fusarium oxysporum.
Canadian Journal of Botany 66, 558-562.

Duchesne, L.C., Peterson, R.L., Ellis, B.E., 1988b. Pine root exudate stimulates the synthesis
of antifungal compounds by the ectomycorrhizal fungus Paxillus involutus. New Phytol.
108, 471-476.

Entry, J.A., Cromack Jr., K., Susan G. Stafford, S.G., Castellano, M.A., 1987. The effect of
pH and aluminum concentration on ectomycorrhizal formation in Abies balsamea.
Canadian Journal of Forest Research 17, 865-871. https://doi.org/10.1139/x87-137

Fernandez, C.W., Kennedy, P.G., 2016. Revisiting the ‘Gadgil effect’: do interguild fungal
interactions control carbon cycling in forest soils? New Phytologist 209 (4), 1382-1394

Futai, K., Taniguchi, T., Kataoka, R., 2008. Chapter 11: Ectomycorrhizae and their
importance in forest ecosystems, in: Siddiqui, Z.A. Akhtar, M.S., Futai, K. (Eds.),
Mycorrhizae: Sustainable Agriculture and Forestry. Springer Science + Business Media
B.V., pp. 241-285.

Gardes, M., Bruns, T.D., 1993. ITS primers with enhanced specificity for basidiomycetes —
application to the identification of mycorrhizae and rusts. Molecular Ecology 2, 113-118.

Harper, A.L., McKinney, L.V., Nielsen, L.R., Havlickova, L., Li, Y., Trick, M., Fraser, F.,
Wang, L., Fellgett, A., Sollars, E.S.A., Janacek, S.H., Downie, J.A., Buggs, R.J.A., Kjer,
E.D., Bancroft, 1., 2016. Molecular markers for tolerance of European ash (Fraxinus
excelsior) to dieback disease identified using Associative Transcriptomics. Scientific
Reports 6, 19335. http://dx.doi.org/10.1038/srep19335.

Hobbie, J.E., Hobbie E.A., 2006. N-15 in symbiotic fungi and plants estimates nitrogen and
carbon flux rates in Arctic tundra. Ecology 87, 816-822.

27


http://dx.doi.org/10.1038/srep19335

669
670
671

672
673
674

675
676

677
678
679

680
681
682
683

684
685

686
687
688

689
690
691
692

693
694
695

696
697
698
699

Hobbie, E.A., Agerer, R., 2010. Nitrogen isotopes in ectomycorrhizal sporocarps correspond
to belowground exploration types. Plant and Soil 327, 71-83.
https://doi.org/10.1007/s11104-009-0032-z.

Jarvis, S., Woodward, S., Alexander, 1.J., Taylor, A.F.S., 2013. Regional scale gradients of
climate and nitrogen deposition drive variation in ectomycorrhizal fungal communities

associated with native Scots pine. Global Change Biology 19, 1688-1696.

Jones, M.D., Durall, D.M., Cairney, J.W.G., 2003. Ectomycorrhizal fungal communities in
young forest stands regenerating after clear cut logging. New Phytologist 157, 399-422.

Jongbloed, R.H., Borst-Pauwels, G.W.F.H., 1992, Effects of aluminium and pH on growth
and potassium uptake by three ectomycorrhizal fungi in liquid culture. Plant Soil 140, 157-
16.5 https://doi.org/10.1007/BF00010593

Kjaller, R., Nilsson, L.O., Hansen, K., Schmidt, I.K., Vesterdal, L., Gundersen, P., 2012.
Dramatic changes in ectomycorrhizal community composition, root tip abundance and
mycelial production along a stand-scale nitrogen deposition gradient. New Phytologist
194(1), 278-86.

Kovacs, G., Pausch, M. and Urban, A., 2000. Diversity of ectomycorrhizal morphotypes and
oak decline. Phyton 40, 109-116.

Kuikka, K., Harma, E., Markkola, A., Rautio, P., Roitto, M., Saikkonen, K. Ahonen-Jonnarth,
U., Finlay, R., Tuomi, J., 2003. Severe defoliation of Scots pine reduces reproductive
investment by ectomycorrhizal symbionts. Ecology 84, 2051-2061.

Lambers, H., Albornoz, F., Kotula, L., Laliberté, E., Ranathunge, K., Teste, F.P., Zemunik,
G., 2018. How belowground interactions contribute to the coexistence of mycorrhizal and
non-mycorrhizal species in severely phosphorus-impoverished hyper-diverse ecosystems.
Plant Soil 424, 11-33.

Lancellotti, E., Franceschini, A., 2013. Studies on the ectomycorrhizal community in a
declining Quercus suber L. stand. Mycorrhiza 23, 533-542.
https://doi.org/10.1007/s00572-013-0493-z.

Lilleskov, E.A., Kuyper, T.W., Bidartondo, M.I., Hobbie, E.A., 2019. Atmospheric nitrogen
deposition impacts on the structure and function of forest mycorrhizal communities: A
review. Environmental Pollution 246, 148-162.
https://doi.org/10.1016/j.envpol.2018.11.074

28


https://doi.org/10.1007/s11104-009-0032-z
https://doi.org/10.1007/BF00010593
https://doi.org/10.1007/s00572-013-0493-z
https://doi.org/10.1016/j.envpol.2018.11.074

700
701
702
703
704

705
706

707
708

709
710
711

712
713
714

715
716
717
718

719
720
721
722

723
724

725
726

727
728

729
730

Maghnia, F.Z., Abbas, Y., Mahé, F., Kerdouh, B., Tournier, E., Ouadji, M., Tisseyre, P., Prin,
Y., El Ghachtouli, N., Yakhlef, S.E.B., Duponnois, R., Sanguin, H., 2017. Habitat- and
soil-related drivers of the root-associated fungal community of Quercus suber in the
Northern Moroccan forest. PLoS ONE 12(11), e0187758.
https://doi.org/10.1371/journal.pone.0187758.

Marx, D.H., 1972. Ectomycorrhizae as biological deterrents. Annual Review Phytopathology
10, 429-454.

Meinen, C., 2008. Fine root dynamics in broad-leaved deciduous forest stands differing in

tree species diversity. PhD Dissertation, University of Gottingen, Germany.

Mosca, E., Montecchio, L., Sella, L., Garbaye, J., 2007. Short-term effect of removing tree
competition on the ectomycorrhizal status of a declining pedunculate oak forest (Quercus
robur L.). Forest Ecology and Management 244, 129-140.

Montecchio, L., Causin, R., Rossi, S., Accordi, S.M., 2004. Changes in ectomycorrhizal
diversity in a declining Quercus ilex coastal forest. Phytopathologia Mediterranea 43 (1),
26-34.

Nechwatal, J., OBwald, W., 2008. Comparative studies on the fine root status of healthy and
declining spruce and beech trees in the Bavarian Alps and occurrence of Phytophthora and
Pythium species. Forest Pathology 31(5), 257-273. https://doi.org/10.1046/j.1439-
0329.2001.00244.x

Oksanen, J., Blanchet, F.G., Friendly., M., Kindt, R., Legendre, P., McGlinn, D., Minchin,
P.R., O’Hara, R.B., Simpson, G.L., Solymos, P., Stevens, H.M.H., Szoecs, E.,Wagner, H.
2019. vegan: Community Ecology Package. R package version 2.5-4. https://CRAN.R-

project.org/package=vegan

Olsen, S. R., Cole, C. V., Watanabe, F. S., Dean. L. A., 1954. Estimation of available
phosphorus in soils by extraction with NaHCO3. USDA Cir.939. U.S. Washington.

Parke, J. L., Lindeman, R. G., Black, C. H., 1983. The effect of ectomycorrhizas in drought
tolerance of Douglas Fir seedlings. New Phytologist 95, 83-95.

Peay, K.G., Kennedy, P.G., Bruns, T.D., 2008. Fungal community ecology: A hybrid beast

with a molecular master. BioScience 58(9), 799-810.

Pena, R., Offermann, C., Simon, J., Naumann, P. S. GeRler, A., Holst, J., Dannenmann, M.,
Mayer, H., Kogel-Knabner, 1., Rennenberg, H., Polle, A., 2010. Girdling affects

29


https://doi.org/10.1371/journal.pone.0187758
https://doi.org/10.1046/j.1439-0329.2001.00244.x
https://doi.org/10.1046/j.1439-0329.2001.00244.x
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan

731
732
733

734
735
736

737
738

739
740
741

742
743
744

745
746
747

748
749
750

751
752
753

754
755
756
757

758
759
760

ectomycorrhizal fungal (EMF) diversity and reveals functional differences in EMF
community composition in a beech forest. Applied and Environmental Microbiology 76,
1831-1841.

Power, A.S., Ashmore, M.R., 1996. Nutrient reelations and root mycorrhizal status of healthy
and declining beech (Fagus sylvatica L.) in southern Britain. Water, Air and Soil Pollution
86, 317-333.

Przyby, K., Pukacka, S., 1995. Root characterization of declining Quercus robur L. trees.
Phytopathologia Polonica 22, 125-132.

R Core Team, 2018. R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. https://www.R-project.org/ (accessed 4 Sept
2020).

Read, D. J., 1986. Non-nutritional effects of mycorrhizal infection, in Gianinazzi-Pearson, V.,
Gianinazzi, S. (Eds.), Physiological and Genetical Aspects of Mycorrihizae. 1st European

Symposium on Mycorrhizae, 1-5 July, 1985, Dijon, pp. 169-176.

Reed, K., Denman, S., Leather, S.R., Forster, J., Inward, D.J.G., 2018. The lifecycle of
Agrilus biguttatus: the role of temperature in its development and distribution, and

implications for Acute Oak Decline. Agricultural and Forest Entomology 20(3), 334-346.

Rewald, B., Meinen, C., Trockenbrodt, M., Ephrath, J.E., Rachmilevitch, S., 2012. Root taxa
identification in plant mixtures — current techniques and future challenges. Plant Soil 359,
165-182. https://doi.org/10.1007/s11104-012-1164-0

Rihling, A., S6derstrém, B. 1990. Changes in fruitbody production of mycorrhizal and litter
decomposing macromycetes in heavy metal polluted coniferous forests in North Sweden.
Water Air Soil Pollution 49, 375-387.

Saikkonen, K., Ahonen-Jonnarth, U., Markkola, A.M., Helander, M., Tuomi, J., Roitto, M.,
Ranta, H., 1999. Defoliation and mycorrhizal symbiosis: a functional balance between carbon
sources and below-ground sinks. Ecology Letters 2(1), 19-26 https://doi.org/10.1046/].1461-
0248.1999.21042.x

Scattolin, L., Dal Maso, E., Mutto Accordi, S., Sella, L., Montecchio, L., 2012. Detecting
asymptomatic ink-diseased chestnut trees by the composition of the ectomycorrhizal
community. Forest Pathology 42, 501-509.

30


https://www.r-project.org/
https://doi.org/10.1007/s11104-012-1164-0
https://doi.org/10.1046/j.1461-0248.1999.21042.x
https://doi.org/10.1046/j.1461-0248.1999.21042.x

761
762

763
764
765

766

767
768
769

770
771
772
773
774

775
776
777

778
779
780

781
782

783
784
785

786
787
788

789
790

Shannon, C.E., Weaver, A. 1949. The mathematical theory of communication. University of

Illinois Press, Urbana IL, The University of Illinois Press, 1-117.

Sinclair, W. A., Sylvia, D. M., Larsen, A. O., 1982. Disease suppression and growth
promotion in Douglas-fir seedlings by the ectomycorrhizal fungus Laccaria laccata. Forest
Science 28 (2), 191-201.

Smith, S.E., Read, D.J., 2010. Mycorrhizal Symbiosis. Academic Press, London.

Spake, R., van der Linde, S., Newton, A.C., Suz, L.M., Bidartondo, M.I., Doncaster, C.P.,
2016. Similar biodiversity of ectomycorrhizal fungi in set-aside plantations and ancient old-

growth broadleaved forests. Biological Conservation 194: 71-79.

Suz, L.M., Barsoum, N., Benham, S., Dietrich, H.-P., Fetzer, K.D., Fischer, R., Garcia, P.,
Gehrman, J., Kristofel, F., Manninger, M., Neagu, S., Nicolas, M., Oldenburger, J., Raspe,
S., Sanchez, G., Schrock, H.W., Schubert, A., Verheyen, K., Verstraeten, A., Bidartondo,
M.L, 2014. Environmental drivers of ectomycorrhizal communities in Europe’s temperate

oak forests. Molecular Ecology 23, 5628-5644.

Swaty, R.L., Deckert, R.J., Whitham, T.G., Gehring, C.A., 2004. Ectomycorrhizal
abundance and community composition shifts with drought: predictions from tree rings.
Ecology 85 (4), 1072-1084.

Tedersoo, L., Bahram, M., Polme, S., Koljalg, U., Yorou, N.S., Wijesundera, R., et al., 2014.
Global diversity and geography of soil fungi. Science 346(6213) 1256688
https://doi.org/10.1126/science.1256688

Thomas, F.M., Blank, R., Hartmann, G., 2002. Abiotic and biotic factors and their

interactions as causes of oak decline in Central Europe. Forest Pathology 32, 277-307.

Thomas, F.M., 2008. Recent advances in cause—effect research on oak decline in Europe.
CAB Reviews: Perspectives in Agriculture, Veterinary Science, Nutrition and Natural
Resources 3 (037), 1 — 12. http://dx.doi.org/10.1079/PAVSNNR20083037.

Treu, R., Karst, J., Randall, M., Pec, G.J., Cigan, P.W., Simard, S.W., Cooke, J.E.K.,
Erbilgin, N., Cahill, J.F., 2014. Decline of ectomycorrhizal fungi following a mountain pine
beetle epidemic. Ecology 95, 1096-1103.

Van Driessche, I., Piérart, P., 1995. Ectomycorrhization and health of beeches and oaks in the
forest of Soignes. Belgian Journal of Botany 128, 57-70.

31


https://doi.org/10.1126/science.1256688
http://dx.doi.org/10.1079/PAVSNNR20083037

791
792
793

794
795
796
797
798

799
800
801

802

803
804
805

806

807
808

809

810

811

812

813

814

815

816

817

818

819

Vesela, P.K., Vasutova, M., Hofmannova, K., Edwards-Jonasova, M., Cudlin, P. 2019.
Ectomycorrhizal community on Norway spruce seedlings following bark beetle infestation.
Forests 10, 740.

White, T.J., Bruns, T., Lee, S., Taylor, J.W., 1990. Amplification and direct sequencing of
fungal ribosomal RNA genes for phylogenetics, in: Innis, M.A., Gelfand, D.H., Sninsky,
J.J., White, T.J. (Eds.), PCR Protocols: A Guide to Methods and Applications. Academic
Press, Inc., New York, pp. 315-322. http://dx.doi.org/10.1016/B978-0-12-372180-8.50042-
1.

Wang, Y., Mi, X., Rosa, G. J. M., Chen, Z., Lin, P., Wang, S., Bao, Z., 2018. Technical Note:
An R package for fitting sparse neural networks with application in animal breeding.
Journal of Animal Science 96(5), 2016—-2026. https://doi.org/10.1093/jas/sky071

Wickham. H, 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York.

Zhou, M., Sharik, T.L., Jurgensen, M.F., Richter, D.L., 1997. Ectomycorrhizal colonization
of Quercus rubra seedlings in response to vegetation removals in oak and pine stands.
Forest Ecology and Management 93 (1-2), 91-99.

32


http://dx.doi.org/10.1016/B978-0-12-372180-8.50042-1
http://dx.doi.org/10.1016/B978-0-12-372180-8.50042-1
https://doi.org/10.1093/jas/sky071

820

821
822

823
824
825
826

827
828

829
830
831
832
833
834
835
836

837

Figures

Fig. 1. Map showing three woodland sample locations (Monks Wood - MW, Stratfield Brake

— SB and Writtle-W) and the distribution of symptomatic (+) and asymptomatic (®) trees at

each woodland location. Note the differing scales between panels, adjusted to show the

distribution of trees in each woodland.
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Figure 2 Non-metric multidimensional scaling (NMDS) ordination of ECM species showing
samples grouped by woodland location and tree symptom status. Surface plot shows C:N
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Figure 3 Non-metric multidimensional scaling (NMDS) ordination of ECM species showing
samples grouped by woodland location and tree symptom status. Surface plot shows
exchangeable Al concentrations (mg kg™?).
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TABLES

Table 1 Summary of differences in ECM richness, diversity (/) and root characteristics between woodland locations and for asymptomatic (A)
and symptomatic (S) trees at each woodland location. The values expressed for roots (< 2 mm diameter) are the average dry weight or number of
root tips per soil core (i.e. per 80cm3 of soil sampled). One-way ANOVAs tested for significant differences between A and S trees in terms of
ECM richness, Shannon-Weaver diversity and root characteristics. The root data were log-transformed prior to analysis and back-transformed
for presentation. There were no significant differences in ECM richness, diversity or root dry weights between A and S trees. ECM richness and
H’ values shown combine all sample trees per woodland location. * and ** indicate that S trees have significantly fewer root tips per soil core
than A trees at p<0.05 and p<0.01, respectively. Percentage of soil core samples with no roots/fungi and percentage with positive ECM
identifications are also given for each woodland location.

ECM species ECM family ECM species Root dry  Number of Sample Samples with

richness richness diversity weight (g) root tips failure! positive ECM
Total AorS Total AorS Total AorS Total AorS Total AorS (%) ID 2 (%)
Monks Wood 38 A 20 12 A 9 281 A 246 0.18 A 0.15 469 A 535 36.7 81.7
S 19 S 9 S 2.39 S 021 S 403 10.8 84.5
Stratfield Brake 17 A 12 6 A 6 19 A 189 038 A 032 1060 A 1060 15.8 92.1
S 9 S 5 S 161 S 044 S 890* 21.7 90.4
Writtle 45 A 28 14 A 12 263 A 283 035 A 033 1084 A 1320 11.7 89.6
S 27 S 10 S 2.68 S 0.36 S 848** 175 82.2

! percentage of samples without roots and fungi out of 120 possible samples (three fine root samples x four soil cores x ten A or S trees).

2 Percentage of samples with fungi that have a positive ECM ID. Rejected if not an ECM fungi or could not be identified.
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Table 2 Effect of tree symptom status, woodland location and soil variables on the
composition of ECM (a) species, (b) families and (c) exploration types assessed by
multivariate GLiMs. Analysis of deviance was conducted on each factor, with pit-trap

resampling, 999 iterations and score tests, used to determine the significance of tree symptom

status and woodland location. Significant P-values (<0.01) are shown in bold.

(a) Effect on ECM species

Res.Df  Df.diff Deviance P-value
Tree symptom status 56 1 47.26 0.402
C:N ratio 55 1 97.20 0.002
Total N 54 1 69.73 0.004
Exchangeable Al 53 1 119.85 0.001
Woodland location 51 2 100.56 0.002
(b) Effect on ECM families
Res.Df  Df.diff Deviance  P-value
Tree symptom status 53 1 23.78 0.548
Exchangeable Al 52 1 54.68 0.006
Woodland location 50 2 56.53 0.097
(c) Effect on ECM exploration type
Res.Df Df.diff Deviance P-value
Tree symptom status 55 1 2.07 0.561
Woodland location 53 2 9.62 0.145
Tree symptom status 51 2 9.33 0.010

X Woodland location
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Appendix A: Supplementary material
Additional Supplementary tables and figures associated with this article are listed below.
Tables:

Table A.1 Climate, soil characteristics and dimensions of asymptomatic (A) and
symptomatic (S) trees sampled at each woodland location. DBH is the diameter at breast
height (1.3m above ground level).

Table A.2: Physico-chemical characteristics of soil samples collected from a depth of 5-15
cm around the 20 sampled trees (10 symptomatic, 10 asymptomatic) at each woodland
location. Means (+ SD) are provided for each soil characteristic. Means sharing a letter in
common are not significantly different (p<0.05) among woodland sites, according to Games-
Howell Pairwise Comparisons. Soil pH, P and Al were all significantly (p<0.05) affected by
tree symptom status as a main effect, although effects depended on woodland location for pH
and Al. The effects of tree symptom status on N was marginal (p=0.052).

Figure A.1: Ranked abundance Zipf distributions of ECM species in the three woodland
locations. Abundance values represent the number of trees that ECM species were associated
with. Rank abundance curves were constructed using the radfit() function of the ‘vegan’
package using the Zipf-Mandelbrot distribution (Oksanen et al., 2013).

Figures:

Figure A.2: Species accumulation curves at the three woodland locations estimated using the
specaccum() function in vegan() package in R. Method = “exact” (finds the expected (mean)
species richness), permutations = 9999.

Figure A.3: Matrix plot of ECM families recovered by each sample tree, with fill colour
(white to dark purple) indicating presence and abundance of families (maximum count = 12).

Figure A.4: Matrix plot of ECM species recovered by each sample tree. Colour indicates
species presence/ abundance (maximum count = 12).

Figure A.5. Matrix plot of ECM exploration types recovered beside asymptomatic (A) and

symptomatic (S) trees at each woodland location, with fill colour (white to green) indicating
presence and abundance of different exploration types (maximum possible count = 10).
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Table A.1 Climate, soil characteristics and dimensions of asymptomatic (A) and symptomatic (S) trees sampled at each woodland location.

DBH is the diameter at breast height (1.3m above ground level).

Woodland characteristics Monks Wood Stratfield Brake Writtle Forest

Mean annual precipitation (mm)* 586 660 592

Max. annual temperature (°C)* 14.4 14.6 14.6

Min. annual temperature (°C)* 5.9 6.9 6

Soil type** Lime-rich loamy and Slowly permeable Slowly permeable
clayey soils with seasonally wet base-rich seasonally wet acid
impeded drainage loamy and clayey soils loamy and clayey soils

A S A S A S

Mean crown density” 40.5 44.0 455 58.0 8.5 24.5

Shrub cover (%)** 334 30.7 25.4 29.5 20.1 24.3

Mean DBH of sample trees (cm) 49.3 51.1 55.0 59.1 58.5 64.4

Mean tree basal area (m?)*** 334 30.7 25.4 29.5 20.1 24.3

Mean sample tree height™** (m) 18.5 18.2 19.6 19.0 16.1 15.5

* Met Office averages 1981-2010 taken at Monks Wood, Oxford and Stratfield Brake weather stations.
** Soil descriptions from soil maps at http://www.landis.org.uk/soilscapes/
* The absolute crown density was recorded in 5% classes where 0% = fully foliated crown and 100% = no leaves present.

** Shrub cover was the estimated average percentage cover of woody shrubs and tree sapling in 2m x2m quadrats placed at two random positions
within 5m of each sample tree.

** Average tree basal area is based on the average basal area of all trees along four 15m transects running in the four cardinal directions away
from each sample tree.

™ Tree height was assessed with a clinometer to 0.1m.
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Table A.2: Physico-chemical characteristics of soil samples collected from a depth of 5-15

cm around the 20 sampled trees (10 symptomatic, 10 asymptomatic) at each woodland

location. Means (x SD) are provided for each soil characteristic. Means sharing a letter in

common are not significantly different (p<0.05) among woodland sites, according to Games-

Howell Pairwise Comparisons. Soil pH, P and Al were all significantly (p<0.05) affected by

tree symptom status as a main effect, although effects depended on woodland location for pH

and Al. The effects of tree symptom status on N was marginal (p=0.052).

Soil characteristics Monks Wood Stratfield Brake ~ Writtle Forest
Clay (%) 16+0.8° 0.6 +0.3° 0.4 +0.58
Silt (%) 68.7 + 7.8% 56.2 + 5.38 47.6 +10.1¢
Sand (%) 30.0+7.9¢ 43.1 +5.68 52.0 + 10.74
pH (H20) 4.7+0.7A 3.6+0.28 3.6+0.38
C:N ratio 13.2 +1.5¢ 14.6 +0.98 20.0 £ 2.94
Total N (%) 0.47 +0.1A 0.52 +0.1A 0.42 +0.2A
Olsen P (mg kg™) 9.4 +5.6°8 20.9 + 12.5% 24.8 + 22.6"
Exchangeable K (mg kg?) 310.7 +90.0% 289.4 +69.0" 2277 +143.78
Exchangeable Al (mg kg™) 190.2 + 174.28 531.8+141.3*  306.7 + 116.68
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972  Figure A.1l: Ranked abundance Zipf distributions of ECM species in the three woodland
973 locations. Abundance values represent the number of trees that ECM species were associated
974  with. Rank abundance curves were constructed using the radfit() function of the ‘vegan’

975  package using the Zipf-Mandelbrot distribution (Oksanen et al., 2013).
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Figure A.2: Species accumulation curves at the three woodland locations estimated using the

specaccum() function in vegan() package in R. Method = “exact” (finds the expected (mean)

species richness), permutations = 9999.
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996  Figure A.3: Matrix plot of ECM families recovered by each sample tree, with fill colour (white to dark purple) indicating presence and

997 abundance of families (maximum count = 12).
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1001 Figure A.4: Matrix plot of ECM species recovered by each sample tree. Colour indicates species presence/ abundance (maximum count = 12).
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Figure A.5. Matrix plot of ECM exploration types recovered beside asymptomatic (A) and

symptomatic (S) trees at each woodland location, with fill colour (white to green) indicating

presence and abundance of different exploration types (maximum possible count = 10).
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