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Abstract: We describe the ectomycorrhizal (ECM) root tips and the diversity of mycorrhizal fungal
species at three English oak (Quercus robur) sites (two 120 year old sites and one 60 year old site).
The three oak stands in decline, located in western Poland, were characterized by a low degree of vital
ECM colonization: 30.2%, 29.1% and 25.6% at Krotoszyn (K), Piaski (P) and Karczma Borowa (KB),
respectively. DNA (ITS) barcoding revealed a total of 18 ECM fungal species. Based on exploration
types, ectomycorrhizae were classified with respect to ecologically relevant features. The contact type
was significantly correlated with C:N and Corg, while the short distance type was correlated with
Ca, phosphorus (P2O5) and pH. The medium distance exploration type was significantly correlated
with fine-grained soil particle size fractions: coarse silt (0.05–0.02 mm) and fine silt (0.02–0.002 mm),
and clay (<0.002 mm). The long distance type showed a similar pattern to the medium distance
smooth type, but was also correlated with nitrate (N). The values of biometric root parameters of
oak trees at the analysed forest sites were arranged as follows: K > P > KB, and were opposite to the
condition of the tree crowns. A negative correlation of vital ECM root tip abundance with the crown
health status of oaks was observed, whereas higher ECM diversity reflected better crown health in
the oak stands studied.

Keywords: soil fertility; Quercus robur; decline; morphotyping; exploration types of ectomycorrhizae

1. Introduction

Pedunculate oak (Quercus robur L.) is a widely distributed tree in Europe, occurring from northern
Spain to southern Scandinavia and from Ireland to Eastern Europe, and is among the deciduous
tree species with the highest economic importance [1,2]. Oak stands grow particularly frequently on
nutrient rich loam or clay soils with temporary waterlogging [3]. With respect to growth and survival,
Q. robur is assessed as waterlogging-tolerant, and can grow even in floodplain forests [4]. This species
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is adapted to an Atlantic, sub-Mediterranean climate with mild winters, and grows well under oceanic
and continental climate conditions [5].

Q. robur showing symptoms of decline or similar symptoms were first reported in Germany
in 1918 [6]. Crown damage and mortality of oaks are markedly higher in older stands [7]. Field
measurements and observations over a four year period in 52 areas representative of Polish oak forests
showed that the health of trees in a majority of stands is declining [8]. The wide range of symptoms
associated with the decline and dieback of Q. robur include leaf discoloration, followed by wilting and
defoliation; cracking of stems and associated bleeding; inner bark necrosis (lesions), often indicating
trunk colonization by Agrilus biguttatus Fabricius and callus repair [9]. The oak decline syndrome
is deemed to have a complex aetiology, involving dynamic interactions between trees (e.g., strong
competition) along with abiotic and biotic factors [10]. Moreover, this phenomenon is believed to be a
consequence of predisposing factors, including soil features (such as poor fertility, drainage, moisture
holding capacity or compaction) and the role of the rhizosphere microbiota [9].

It has been suggested that differences in above-ground tree health are often reflected
below-ground, in particular in the vitality and the mycorrhizal status of the root systems of trees [11–14].
Ectomycorrhizal (ECM) community structure is influenced by a range of biotic and abiotic factors,
including host specificity, tree density, organic matter heterogeneity, soil type, natural nutrient gradients
and plant parasite effects on mycorrhizal diversity [15–21]. The reduction of a tree’s photosynthetic
capacity is presumed to subsequently reduce the diversity of ECM species producing sporocarps [22,23].
For example, Corcobado et al. [24] found that root vitality and ECM abundance were higher in
non-declining trees than in declining ones.

The numbers and morphotypes of ectomycorrhizae give useful information when related to root
biomass, root length and soil volume. However, the health status of tree is also shaped by differentiation
of the extrametrical mycelium and exploration type (contact, short-distance, medium-distance smooth,
long-distance) of ECM rhizomorphs [25]. These features are relevant to the ecological classification
of ectomycorrhizae.

In order to address the current lack of knowledge concerning the functional role of ECM
community in declining oak stands, the primary aim of this study was to relate ECM colonization and
ecologically relevant features of ECM species (based on exploration types, each of which represent a
distinct foraging strategy) [25] to soil chemistry (pH, organic carbon and nitrogen content, etc.) at three
declining oak stands. It was hypothesized that stands showing lower degree of foliage damage would
be characterized by a greater degree of mycorrhizal colonization, and higher mycorrhizal diversity.

2. Materials and Methods

2.1. Site Characteristics

The study was conducted in three oak forest stands on the border of the Krotoszyński and
Ostrów counties in the western part of Poland (Krotoszyn Plateau) (51◦41′42” N, 17◦27′14” E,
Figure 1)—Karczma Borowa (KB), Krotoszyn (K) and Piaski (P). A large part of the Krotoszyn Plateau
is covered by a complex of oak forests. Climate data for each stand were obtained from the nearest
meteorological station (Leszno). Annual precipitation, mean annual temperature and additional site
characteristics are provided in Table 1.



Forests 2019, 10, 30 3 of 21

Forests 2019, 10, x FOR PEER REVIEW  3 of 21 

 

 

Figure 1. Localities of the forest districts. The three study sites, Karczma Borowa (KB), Krotoszyn (K) 
and Piaski (P), are shown on the map of the Krotoszyn Plateau, where the oak stands were analysed. 
The inset map shows the location of the Krotoszyn Plateau in Poland. 

Table 1. Characteristics of the oak forests at the three sites studied in the western part of Poland 
(Krotoszyn Plateau). 

Forest 
Inspectorate Karczma Borowa Krotoszyn Piaski  

Geographic 
coordinates 51°50′51″ N, 16°37′34″ E 51°42′11″ N, 17°33′52″ E 

51°49′36.4″ N 
17°06′46.6″ E 

Elevation (m) 77 m.a.s.l 127 m.a.s.l 58 m.a.s.l 
Area size (ha) 5 5 0.05 

Average annual 
temperature (°C) 8.3 8.0 8.5 

Average annual 
precipitation 

(mm) 
550 450 550 

Length of the 
growing season 

(days) 
226 210 220 

Bedrock glacial clay glacial tills moraine clay 

Soil type luvisols brown soil brown 
rendzinas 

Age of stands 
(years) 120 120 60 

Forest stand 
Quercus robur (60%), Corylus 

avellana (10%), Carpinus betulus 
(30%), sparse natural 

Quercus robur (70%), 
Corylus avellana (10%), 
Carpinus betulus (20%) 

Quercus robur 
(70%), Picea 
abies (30%) 

Figure 1. Localities of the forest districts. The three study sites, Karczma Borowa (KB), Krotoszyn (K)
and Piaski (P), are shown on the map of the Krotoszyn Plateau, where the oak stands were analysed.
The inset map shows the location of the Krotoszyn Plateau in Poland.

Table 1. Characteristics of the oak forests at the three sites studied in the western part of Poland
(Krotoszyn Plateau).

Forest Inspectorate Karczma Borowa Krotoszyn Piaski

Geographic coordinates 51◦50′51” N, 16◦37′34” E 51◦42′11” N, 17◦33′52” E 51◦49′36.4” N 17◦06′46.6” E

Elevation (m) 77 m.a.s.l 127 m.a.s.l 58 m.a.s.l

Area size (ha) 5 5 0.05

Average annual
temperature (◦C) 8.3 8.0 8.5

Average annual
precipitation (mm) 550 450 550

Length of the growing
season (days) 226 210 220

Bedrock glacial clay glacial tills moraine clay

Soil type luvisols brown soil brown rendzinas

Age of stands (years) 120 120 60

Forest stand

Quercus robur (60%),
Corylus avellana (10%),
Carpinus betulus (30%),

sparse natural
regeneration

Quercus robur (70%),
Corylus avellana (10%),
Carpinus betulus (20%)

Quercus robur (70%),
Picea abies (30%)

Plant community Galio silvatici-Carpinetum Potentillo albae-Quercetum
Libb Tilio Carpinetum

Past history and status
of stands

timber forests
planted in previously oak stands

Ground water status depended on precipitation
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2.2. Study Design and Sampling Scheme

Two line transects (30 trees per transect) were laid out at each site (2 transects × 3 sites:
KB, K and P = 6 line transects). A total of 180 oaks trees were investigated (60 per site). At site
KB, the trees growing on each side of the axis of the transect line were selected alternately, in a
manner so that the distances between the selected trees were not less than twice the diameter of their
crowns. This procedure eliminated trees growing directly adjacent to one another, while providing
representative sampling for the entire study area. The length of one line of trees was limited by the
need to obtain a representative sample of 30 trees. The transects at site KB were established with an
east–west orientation. At site K, the transects were set up using the same method as described above.
Due to the much higher density of trees at site P compared with the older stands at sites KB and K,
it was sufficient to establish site lines of 50 acres within the plot in an area of ca. 160 × 40 m, in order to
obtain a sample of 60 trees that met the above criteria. The transects at sites K and P were established
with a north–south orientation. Most of the trees in the three study areas showed symptoms of decline
(leaf discoloration and wilting, defoliation, branch die-back and trunk exudations).

Separate soil samples for soil analyses and mycorrhizal assessment were collected at the three
sites (KB, K and P) at the end of September 2013, at distances of 0.5–1 m from selected oak trees.
Two soil subsamples were taken from each of 180 trees, one sample from the northern and one from
the southern side of the tree bases (each sample consisted of 2 microsite localities: north and south).
A total of 360 soil subsamples (120 per site) were collected for soil analysis and mycorrhizal assessment
(60 trees × 3 sites × 2 microsite (north and south) = 360 subsamples). These two subsamples for
mycorrhizal and soil analysis were combined (pooled) into a single sample for each tree (180 pooled
soil samples in total, 60 per site). Samples were taken with a spade in the form of approximate cubic
soil-root monoliths of about 25 × 25 × 25 cm, sealed in plastic bags, labelled and transferred to the
soil lab of the Forest Research Institute in Warsaw. The soil-root samples were stored at −20 ◦C for a
maximum of four weeks before analysis.

2.3. ECM Assessment

Soil samples were defrosted at room temperature (ca. 23 ◦C for 30 min), and soil particles were
sieved from roots and thereafter washed in tap water. Oak roots were separated from the roots of
grasses and herbs. Grass and organic matter were first removed from the soil surface along with
characteristic root systems, the separation of roots in the lab was based on morphology (comparing
with reference oak roots). The roots were sorted by tree species after the keys by Boratyński et al. [26].
The roots were then transferred into 10 cm petri dishes containing distilled water for analysis. Root
fragments were analysed using a stereomicroscope coupled with a camera (Delta IPOS-808, Delta
Optical, Warsaw, Poland), at magnification of 10–40×. The initial identification of ECM fungi was
based on existing identification keys, and ECM fungi were subjected to morphological classification
according to a simplified scheme after Agerer [27] and Agerer and Rambold [28]. Fine roots were
counted, and the presence or absence of a hyphal mantle was recorded for non-vital (NV—a scurfy
surface and an easily detachable cortex, with or without the remnants of an ECM mantle; vital
non-mycorrhizal (NM—a well-developed, turgid and inflated tip, mantle lacking) and vital ECM
(VM—as above, but with an ECM mantle) root tips according to Montecchio et al. [10]. In the
case of ramified ECM clusters, each mycorrhizal root tip was counted separately. ECM tips were
described based on their mantle, colour, ramification type, emanating mycelium and rhizomorphs.
The phenotype of the individual morphotypes was identified and classified accordingly as Txy
(x—morphotype digit, y—sub-morphotype letter). Representative mycorrhizal root tips of each
morphotype were photographed and deposited, together with a fungal description and molecular
information, in an internal database. Additionally, the ECM morphotypes were classified into
the following exploration types: contact type—represented with a smooth mantle and only a few
emanating hyphae; short distance type—characterized by a voluminous envelope of emanating hyphae
and lacking rhizomorphs; medium smooth distance type—having few or no emanating hyphae
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and internally undifferentiated rhizomorphs, and a long distance exploration type—characterized
by smooth mantles and highly differentiated rhizomorphs, based on exploration types given
by Agerer [25].

To determine the mycorrhizal species/taxa, we collected tip material from three to five mycorrhizal
root tips per morphotype, transferred it into Eppendorf tubes filled with 70% EtOH and labelled
and stored them at −25 ◦C for molecular analysis. Based on nuclear ribosomal DNA sequence
analysis (ITS region), the fungal species were determined. As a result, all morphotypes were
re-grouped according to the molecular species/taxa affiliation. The following characteristics were
calculated: the abundance of vital mycorrhizal (VM) root tips calculated as: (mycorrhizal vital root
tips)/(mycorrhizal root tips + non-mycorrhizal root tips (NM) and non-vital (NV))× 100, presented as a
percentage of ECM colonization. Percentages of NM and NV were calculated analogously. The relative
abundance of individual ECM fungal taxa was calculated as the proportion of the number of ECM root
tips of each species averaged over the total number of mycorrhizal root tips. The mycorrhizal fungal
species richness [n] (the number of molecularly confirmed ECM species) was calculated separately for
each site. The frequency of ECM taxa was expressed as the percentage of colonised oak trees for each
ECM fungal taxon.

2.4. Identification of Mycorrhizal Fungi

Samples of each ECM morphotype were sequenced using ECM root tips that had been stored in
70% EtOH at −25 ◦C. Fragments of ECM mantles and extrametrical mycelium from ECM tips were
used as a template, either directly or after suspension in the dilution buffer included in the Phire®Plant
Direct PCR Kit (Thermo Scientific®, Finnzymes, Waltham, MA, USA). This method bypasses DNA
extraction and purification. We amplified the internal transcribed spacer (ITS) region of the rDNA
using the primers ITS1F [29] and ITS4 [30], and sequenced the product of the polymerase chain reaction
(PCR). The PCR was performed using the Phire®Plant Direct PCR Kit according to the manufacturer’s
protocol [31]. PCR was performed in a 20 µL reaction mixture containing: 1 × PCR Buffer Phire®Plant;
0.4 µL Hot Start II DNA polymerase; 0.5 µM forward primer (ITS 1F); 0.5 µM reverse primer (ITS 4)
and 0.5 µL matrix. The amplification reaction was performed in a PTC-200™ Programmable Thermal
Controller thermocycler (MJ Research, Inc., Reno, NV, USA) according to the protocol developed at the
Laboratory of Molecular Biology. It consisted of: 5 min of initial denaturation of the DNA matrix at
98 ◦C, followed by 40 cycles of amplification (denaturation for 5 s at 98 ◦C; primer annealing for 25 s
at 60 ◦C; product elongation for 1 min at 72 ◦C), ended by elongation of PCR products for 1 min at
72 ◦C. PCR products were qualitatively assessed by electrophoresis in a 1% agarose gel stained with
the dye GelRed® and visualized under a UV light. The resulting PCR products were sequenced in
three replicates per sample using a Genetic Analyzer (Life Technologies™, Carlsbad, CA, USA) at
the Genome Joint-Stock Company in Warsaw. The resulting sequences of the studied region were
inspected and edited using BioEdit 7.1.3 [32] and then compared to the identified sequences deposited
in the GenBank database [33]. The reference sequence with the highest sequence similarity percentage
(99%–100% in most cases; Table 2) with the query sequence was used for identification.

2.5. Fine root and Tree Health Assessment

Using an Epson 10000-XL high-resolution scanner and a pro-version of the Win-RHIZO Root
Imaging Software (Regent Instruments Inc., Quebec City, QC, Canada), the total fine and mother
root lengths and the number of root tips were determined. Next, the root samples were dried at
65 ◦C, and the dry weights of the fine (diameter < 2 mm) and mother (small woody roots with a
diameter of 2–5 mm) roots were measured. Each stand was described with respect to its foliage
damage. Defoliation was determined along with crown foliage damage (in 5% intervals across the
range of 0–100%). The following degrees of damage were adopted, according to a modified ICP Forest
classification: 0—healthy (0–10% defoliation), 1—weakened (11%–25% defoliation), 2—moderate
damage (26%–60%) and 3—dying (>60% defoliation). The foliage damage assessment of each tree
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was made according to Roloff classes [34], and arithmetic means were used to determine the average
stand vitality. Additionally, the synthetic index of foliage damage proposed by Dmyterko [35] was
determined. This index, known as Syn, combines measures of tree defoliation and foliage damage with
the degree of damage of individually assessed trees, and the index for the whole stand is described as:

Syn = 1⁄2 [(0.03 ∗ Σ Def + Σ Wit)/N]

where Def —% crown defoliation, Wit—degree of foliage damage of the tree according to Roloff and
N—number of sampled trees. The Syn index allows for the assignment of oaks into four categories of
damage: 0—healthy, 1—weakened, 2—damaged and 3—dying.

2.6. Physicochemical Analysis of the Soil

Physicochemical analyses of 180 soil samples (consisting of 360 subsamples) were performed
by the National Chemical and Agricultural Station with its registered office in Warsaw, Poland.
The samples for chemical analyses were dried at 65 ◦C for 5 days and sieved through a 2 mm sieve.
An aliquot of each mixed sample was ground in a mill. The pH was measured in potassium chloride
(1 M KCl) using a Hamilton glass electrode. The determination of total nitrogen was performed in
sludge according to the Kjeldahl method by a digestion with sulphuric acid at a temperature under
400 ◦C. Soil texture was determined in all samples by the feel method [36], and principle soil particle
size fractions were analysed according to Anderson et al. [37]. Total organic carbon (Corg) and total
nitrogen (N) were analysed according to the Dumas-method after complete oxidative combustion with
a CHN-analyser LECO CHN-1000, and the C:N ratio was calculated. Total element concentrations
of Ca, Mg and K were measured after digestion of 1 g of soil in concentrated HNO3 by an ICP-IES
(Optima 3000, Perkin-Elmer, Waltham, MA, USA). Phosphorus (measured as P2O5) was determined for
all samples with 1% citric acid extraction according to Schlichting et al. [38]. The relative soil humidity
was measured using a LABEL LB-796 capacitance moisture meter (LAB-EL Laboratory Electronics,
Reguły, Poland). Measurements were performed twice in the same way as the soil samples were taken.

2.7. Data Analysis

To explore potential relationships between soil substrate properties (pH, Corg, N, C:N etc.),
biometrical parameters and their matrices, the number of VM, NM, NV root tips and their matrices
and the number of different root tip exploration types, we used canonical correspondence analysis
(CCA). It was carried out for replicates within a site. To present the results of the CCA analysis we used
biplot figures. To evaluate significant differences among the examined sites for the abundance of VM,
NM, NV root tips and the abundance of different exploration types, we used generalized linear models
(GLM) with binomial distributions. Tukey’s linear contrast was used to test a pairwise comparison
between the examined sites for the GLM model. A perMANOVA (permutational multivariate analysis
of variance) with 9999 permutations was conducted to assess multivariate relationships among soil
and biometrical parameters for the examined sites. Statistical analyses were performed using R version
2.15.0 [39] with the vegan package [40] for multivariate analysis. The accepted level of significance
was p < 0.05. Two diversity indices, Shannon–Wiener’s and Simpson’s, were calculated based on the
abundance and numbers of ECM fungal species.

3. Results

3.1. Mycorrhizal Colonisation

The analysed oak stands in decline were characterized by a low degree of ECM colonisation,
with an average of 28.5% of the root tips categorized as vital ECM (VM). In contrast, 55.2% of root-tips
were non-vital (NV) and 16.3% were vital non-mycorrhizal (NM). Among the sites, the degree of
ECM colonization (abundance of VM) and the proportion of NM root tips were significantly different
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(Figure 2). The highest degree of mycorrhizal colonization was found in site K (30.2%), followed by
site P (29.1%) and site KB (25.6%). The largest proportion of NV root tips was observed at site KB
(69.5%, p < 0.0001), while 50.7% and 48.8% were observed in sites P and K, respectively. The lowest
abundance of NM root tips was recorded at site KB (4.9%, p < 0.0001), followed by sites K (21%) and P
(20.2%) (Figure 2).
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Figure 2. Abundance of vital mycorrhizal (VM), non-vital (NV) and vital non-mycorrhizal (NM)
root tips [%] in declining oak stands in the forest districts Karczma Borowa (KB), Krotoszyn (K),
and Piaski (P) (n = 60 trees per site). Within each tip classification the different letters indicate
significant differences among sites (Tukey´s contrast, p = 0.05).

3.2. Ectomycorrhizal Fungal Communities

After a morphological examination of the mycorrhizal root tips collected from 180 trees over
the three surveyed areas, 80 morphotypes were recognized. Molecular analyses revealed a total of
30 fungal taxa, including 18 ECM fungal species (14 basidiomycete species and 4 ascomycete species).
ECM fungal species richness ranged from 15 taxa for site KB to 12 and 11 taxa for site P and K,
respectively (Table 2, Figure 3).

The most abundant and frequently occurring mycorrhizal species included Paxillus involutus,
Russula ochroleuca and Lactarius quietus, all of which were recorded across all three sites. In addition to
the ECM fungi that were observed, non-ECM fungi were detected in the less vital mycorrhizal root tips,
including root pathogenic species such as Ilyonectria radicicola (anamorph: Cylindrocarpon destructans)
(0.6%) and wood-decomposing saprotrophic species such as the white-rot fungus Trametes versicolor
(0.3%) and the rare brown-rot fungus Antrodia ramentacea. The Shannon–Wiener and Simpson diversity
indices of molecularly identified ECM fungi were higher for KB and P than for K (Table 2).
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Table 2. Estimated species richness, diversity and occurrence of fungal taxa associated with the
roots of oak stands in the Krotoszyn Plateau, Poland. Data indicate the frequency (Freq.; percent of
colonised plants) and abundance (Abun.; percent of mycorrhizal roots colonised) of fungal taxa on
the root tips of declining oak trees in three forest stands: Karczma Borowa (KB), Krotoszyn (K) and
Piaski (P). Abbreviations: ECM—ectomycorrhizal fungus, Pl path—plant pathogen, Sapr—saprotroph,
An par—animal parasite, So fung—soil fungus, Endoph—endophyte.

Identification

BLAST Top-Hit Site

Closest Match NCBI
Identity

[%]
Putative Ecology References * KB [n = 60] K [n = 60] P [n = 60]

Freq. Abun. Freq. Abun. Freq. Abun.

Basidiomycota

Paxillus
involutus

Paxillus
involutus KT334655 99 ECM [28] 60.0 8.7 73.3 16.3 80.0 12.8

Russula
ochroleuca

Russula
ochroleuca KT334671 100 ECM [28] 15.0 2.9 35.0 4.6 25.0 5.1

Lactarius
quietus

Lactarius
quietus KT334684 99 ECM [41] 16.7 5.1 16.7 4.9 26.7 5.7

Tomentella
sublilacina

Tomentella
sublilacina KT334657 100 ECM [42] 11.7 3.0 5.0 0.1 5.0 1.4

Lactarius
chrysorrheus

Lactarius
chrysorrheus KT334686 100 ECM [28] 8.3 2.5 5.0 1.2 5.0 1.1

Scleroderma
citrinum

Scleroderma
citrinum KT334757 99 ECM [28] 5.0 0.4 3.3 0.2 6.7 1.6

Amanita citrina Amanita citrina KT334692 99 ECM [28] 3.3 0.8 1.7 0.1 1.7 0.2

Thelephora
terrestris

Thelephora
terrestris KT334743 99 ECM [28] 1.7 0.2 - - 5.0 0.1

Trametes
versicolor

Trametes
versicolor KT334660 99 Sapr [43] - - 3.3 0.6 1.7 0.1

Russula lepida Russula lepida KT334672 99 ECM [44] - - 3.3 0.3 - -

Xerocomus
pruinatus

Xerocomus
pruinatus KT334702 100 ECM [45] - - - - 5.0 0.5

Xerocomus
subtomentosus

Xerocomus
subtomentosus KT334687 100 ECM [28] 3.3 0.4 - - - -

Xerocomus
badius

Xerocomus
badius KT334738 100 ECM [28] 1.7 0.02 1.7 0.1 - -

Sporidiobolus
metaroseus

Sporidiobolus
metaroseus KT334689 100 Endoph [46] - - 1.7 0.5 - -

Antrodia
ramentacea

Antrodia
ramentacea KT334658 100 Sapr [47] - - - - 1.7 0.6

Cryptococcus
terricola

Cryptococcus
terricola HE863714 99 Sapr [48] - - 1.7 0.3 - -

Lagarobasidium
detriticum

Lagarobasidium
detriticum KT334691 99 Sapr [49] - - - - 1.7 0.5

Russula fragilis Russula fragilis KT334670 99 ECM [50] 1.7 0.3 - - - -

Inocybe
assimilata

Inocybe
assimilata FN393147 99 ECM [28] 1.7 0.2 - - - -

Hypholoma
fasciculare

Hypholoma
fasciculare KT334676 99 Sapr [51] - - 1.7 0.1 - -

Ascomycota

Unidentified
ascomycete

Uncultured
ascomycete

(Chaetothyriales.
cf. Capronia)

KT334693 98 Endoph [52] 3.3 0.1 3.3 0.1 3.3 0.1

Tuber sp. Tuber sp. KT334690 99 ECM [53] 1.7 0.04 5.0 1.4 1.7 0.2

Cenoccocum-like ECM [28] 3.3 0.8 3.3 0.9 1.7 0.1

Ilyonectria
radicicola

Ilyonectria
radicicola KT334654 99 Pl path [54] 3.3 1.3 1.7 0.7 - -

Elaphocordyceps
subsessilis/

Tolypocladium
inflatum

Elaphocordyceps
subsessilis/

Tolypocladium
inflatum

JX488469/
AB255606 99 So fung/An par [55] - - 3.3 0.4 - -

Cephalotheca
sp.

Cephalotheca
sulfurea EU689260 82 Sapr [56] 1.7 0.6 - - - -

Pachyphlodes
nemoralis

Pachyphlodes
nemoralis FJ013079 100 ECM [57] 1.7 0.2 - - - -

Hydnotrya
tulasnei

Hydnotrya
tulasnei KT334735 99 ECM [58] - - - - 1.7 0.2

Mycorrhizal fungal species richness [n] 15 11 12
Degree of mycorrhization [%] 25.6 30.2 29.1

Estimated species richness
Chao1 2.50 2.36 2.45

Diversity
Shannon–Wiener (H’) 0.69 a 0.57 c 0.65 b

Simpson 1/D 0.43 a 0.35 b 0.41 a

* putative ecology based on references; a, b, c letters indicate significant differences between sites at p < 0.02 (GLM test).
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Nine ECM taxa, P. involutus, L. quietus, Tomentella sublilacina, R. ochroleuca, Lactarius chrysorrheus, 
Amanita citrina, Cenoccocum-like, Scleroderma citrinum and Tuber sp. were present across all three oak 
stands. Xerocomus subtomentosus, Russula fragilis, Inocybe assimilata and Pachyphlodes nemoralis were 
detected exclusively at site KB; Xerocomellus pruinatus and Hydnotria tulasnei were found only at site 
P and only one species—Russula lepida—was associated exclusively with Q. robur at site K (Table 2, 
Figure 4). None of the species detected at one site only were locally abundant (frequency 5% at most, 
abundance 0.5% or less). 

Figure 3. Ectomycorrhiza observed on Q. robur trees from three stands: Karczma Borowa (KB),
Krotoszyn (K) and Piaski (P). (a) Paxillus involutus, (b) Lactarius quietus, (c) Russula ochroleuca,
(d) Lactarius chrysorrheus, (e) Tomentella sublilacina, (f) Tuber sp., (g) Amanita citrina, (h) Cenoccocum-like,
(i) Scleroderma citrinum, (j) Boletus badius, (k) Thelephora terrestris, (l) Pachyphlodes nemoralis,
(m) Russula fragilis, (n) Xerocomus subtomentosus, (o) Inocybe assimilate, (p) Russula lepida, (q) Xerocomus
pruinatus, (r) Hydnotrya tulasnei. Bars 1 mm.

Nine ECM taxa, P. involutus, L. quietus, Tomentella sublilacina, R. ochroleuca, Lactarius chrysorrheus,
Amanita citrina, Cenoccocum-like, Scleroderma citrinum and Tuber sp. were present across all three oak
stands. Xerocomus subtomentosus, Russula fragilis, Inocybe assimilata and Pachyphlodes nemoralis were
detected exclusively at site KB; Xerocomellus pruinatus and Hydnotria tulasnei were found only at site
P and only one species—Russula lepida—was associated exclusively with Q. robur at site K (Table 2,
Figure 4). None of the species detected at one site only were locally abundant (frequency 5% at most,
abundance 0.5% or less).
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Figure 4. Relative abundances [%] of each mycorrhizal fungal taxa associated with Q. robur stands at
three study sites: Karczma Borowa (KB), Krotoszyn (K) and Piaski (P).

The ECM community at site K was dominated by the long distance exploration type
(54.8%, p < 0.0001), whereas site KB had a significantly lower percentage of this type (36.8%, p < 0.0001)
(Figure 5). However, site KB had the highest relative percentage of medium distance smooth
exploration type (4.2%, p < 0.0001), whereas sites K and P had only 0.5% and 1.1%, respectively.
All sites were characterized by a low abundance of the short distance type, where site P had 6.4%, site
K had 8.1% and site KB had 15.7%. The occurrence of the contact exploration type was relatively equal
across the localities: site KB had 43.2%, site P had 41.1%, whereas site K had the smallest share of this
type by a significant margin (36.7%, p < 0.0001).
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Figure 5. Mean relative abundance of taxa with different exploration types associated with Q. robur at
three study sites: Karczma Borowa (KB), Krotoszyn (K) and Piaski (P). Within each tip classification the
different letters indicate significant differences among sites (Tukey´s contrast, p = 0.05).
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The first two axes of the CCA comparing different ECM exploration types and soil properties,
with eigenvalues of 0.1039 and 0.0619, explained 73% of these relationships (Figure 6). The contact
type was significantly correlated with C:N and Corg, while the short distance type was correlated with
Ca, phosphorus (P2O5) and pH. The medium distance exploration type was significantly correlated
with fine-grained soil particle size fractions: coarse silt (0.05–0.02 mm), fine silt (0.02–0.002 mm) and
clay (<0.002 mm). The long distance type showed a similar pattern as the medium distance smooth
type, but it was also correlated with nitrate (N) (Figure 6).
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Figure 6. Canonical correspondence analysis (CCA) of the different exploration types and soil
properties. Sand (2–0.05 mm), coarse silt (0.05–0.02 mm), fine silt (0.02–0.002 mm), clay (<0.002 mm),
fraction contained (%) <0.02 mm.

The first two axes of the CCA, comparing soil data and ECM status (vital mycorrhizal—VM,
non–vital—NV and vital non-mycorrhizal—NM), with eigenvalues of 0.384 and 0.265, explained 66%
of the relationship (Figure 7). The abundance of the NM root tips was significantly correlated with
Corg, total Kjeldahl nitrogen (N), C:N ratio and relative soil humidity, whereas pH was negatively
correlated. NV root tips were correlated with P2O5. The abundance of VM root tips was significantly
correlated with Ca and pH.Forests 2019, 10, x FOR PEER REVIEW  12 of 21 
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Figure 7. Canonical correspondence analysis (CCA) of the abundance of different root tip types (vital
mycorrhizal (VM), non-vital (NV) and vital non-mycorrhizal (NM)) and soil properties and biometrical
data relationship. FRT—fine root tips, MRL—mother root length, TRL—total root length, FRL—fine
root length, DWFR—dry weight of fine roots, DWMR—dry weight of mother roots, CT—crown
transparency index, Humidity—relative soil humidity.
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3.3. Crown Health Status and Biometrical Parameters of Root Systems

The health condition of Q. robur stands, as assessed by crown transparency classification,
was different among the three examined sites (perMANOVA: df = 2; p < 0.0001). Oak trees at site KB
were characterized by the best crown health status, whereas site K was dominated by dying trees (23%)
in comparison to sites KB and P (10% dying trees) (Figure 8).
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Figure 8. Health condition of Q. robur stands at 3 sites: KB—Karczma Borowa, K—Krotoszyn
and P—Piaski. Health condition was determined based on crown transparency along with crown
vitality (in 5% intervals across the range of 0–100%). The following degrees of foliage damage were
adopted according to a modified ICP forest classification: 0—healthy (0–10% defoliation), 1—weakened
(11%–25% defoliation), 2—moderate damage (26%–60%) and 3—dying (>60% defoliation). Within
each tip classification the different letters indicate significant differences among sites (Tukey´s contrast,
p = 0.05).

The values of biometric root parameters of oak trees in the analysed forest sites arranged as
follows: K > P > KB (Table 3). Although oak trees at site KB were characterized by the smallest
root parameters, the lowest degree of foliage damage was also observed at site KB (1.3; 11%–25%
of defoliation) compared to the other sites (K—1.8; >25% and P—1.6; >25%). The synthetic index
(Syn) of damage also revealed that all stands were weakened, but that the trees at site K were in the
worst condition in comparison to the trees at the other sites, especially when compared with site KB
(Table 3). A multivariate analysis of biometrical root parameters and crown health status demonstrated
significant differences between sites K and KB (perMANOVA; df = 2; pbiometrical = 0.019; phealth = 0.001)
and between sites K and P (perMANOVA; df = 2; pbiometrical = 0.037; phealth = 0.003).

Table 3. Root parameters and the crown health status (±standard errors) of examined oak stands at
Karczma Borowa (KB), Krotoszyn (K) and Piaski (P).

Parameters
Site

KB K P

Mean SE Mean SE Mean SE

FRT = fine root tips (n) 1635.7 ±871.25 4291.5 ±2531.70 3164.8 ±1874.07
MRL = mother root length (cm) 140.0 ±68.49 244.3 ±103.50 188.7 ±140.76
Total root length (cm) 1048.7 ±526.71 2036.0 ±899.40 1432.7 ±772.52
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Table 3. Cont.

Parameters
Site

KB K P

Mean SE Mean SE Mean SE

FRL = fine root length (cm) 888.1 ±464.34 1785.3 ±806.92 1238.5 ±648.51
Dry weight of fine roots 2.7 ±1.71 6.3 ±3.07 3.5 ±1.67
Dry weight of mother roots 3.8 ±1.31 7.0 ±3.09 6.3 ±2.22
Crown transparency (%) 32.3 ±20.52 41.1 ±14.09 38.8 ±16.51
Foliage damage 1.3 ±0.99 1.8 ±0.648 1.6 ±0.69
Syn. 1.1 ±0.78 1.5 ±0.51 1.4 ±0.57

3.4. Soil Substrate Properties

The physical and chemical properties of the soils and the mineral soil particle size distribution of
the three plots varied among sites (Table 4). The multivariate analysis for soil data revealed significant
differences between sites K and P (perMANOVA; df = 2; p = 0.008). The soil in all stands was acidic
and varied across sites (pHKCl = 3.6 and 3.4 for KB and K, respectively), with site P being the most
acidic (pHKCl = 3.2). Organic carbon (Corg) and total Kjeldahl nitrogen contents were different across
sites. The highest mean content of Corg was found in site P (Corg = 65.4 mg/g), while a lower content
was found in sites K and KB (Corg = 34.0 mg/g and 16.9 mg/g, respectively). The lowest total nitrogen
value was recorded at site KB (0.7 mg/g), followed by sites K and P, with 1.4 mg/g and 2.3 mg/g
respectively. The C:N ratios in sites P and KB and K were as follows: 33, 30 and 27, respectively.
Furthermore, K2O and Mg concentrations were lower at site KB, whereas site P was characterized by a
lower P2O5 content and a higher Ca content. Site KB was characterized by more coarse-textured soil
than the other sites (K, P), which had slightly more fine-textured soil. The percentage of coarse silt was
different among the three sites. Site P had a higher coarse silt component (14.4%) than the other sites,
K (13.3%) and KB (11.6%). Clay content was generally low, but highest at site K (1%) compared to sites
P and KB (0.6% and 0.5%, respectively). Relative soil humidities significantly differed between sites
and were arranged as follows: P > K > KB (Table 4).

Table 4. Mean values (±standard error) of selected physical and chemical properties of soil taken from
oak stands in Karczma Borowa (KB), Krotoszyn (K) and Piaski (P).

Study Site

KB K P

Physical and chemical characteristics Mean SE Mean SE Mean SE

mean pH KCl 3.64 ±0.25 3.40 ±0.18 3.17 ±0.16
C-org. (mg/g) 16.94 ±6.5 34.02 ±12.74 65.39 ±32.41
Total Kjeldahl Nitrogen = N-org. + NH4-N
(mg/g) 0.65 ±0.26 1.44 ±0.62 2.25 ±1.11

C:N ratio 29.7 ±17.2 26.9 ±13.3 32.8 ±17.1
Ca (mg/L) 106.92 ±19.98 128.62 ±35.81 99.90 ±21.31
P2O5 (mg/100g) 4.06 ±2.74 2.07 ±0.85 4.09 ±3.35
K2O (mg/100g) 2.77 ±1.06 5.23 ±2.48 7.14 ±5.58
Mg (mg/100g) 1.79 ±0.65 3.25 ±1.23 3.85 ±1.71
Relative soil humidity (%) 16.88 ±4.40 23.28 ±6.85 25.79 ±8.51

Mineral soil particle size (fraction in %)

sand (2–0.05 mm) 83.16 ±8.99 79.02 ±3.89 79.09 ±3.85
coarse silt (0.05–0.02 mm) 11.60 ±5.20 13.27 ±1.99 14.39 ±2.40
fine silt (0.02–0.002 mm) 4.72 ±3.31 6.74 ±2.10 5.89 ±1.74
clay (<0.002 mm) 0.54 ±0.68 1.00 ±0.47 0.61 ±0.38
fraction contained in % <0.02 mm 5.27 ±3.97 7.74 ±2.50 6.34 ±2.16
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4. Discussion

4.1. Degree of Mycorrhizal Colonisation

The analysed oak stands in decline were characterized by a low percentage of vital ECM,
which ranged from 25.6% at site KB to 30.2% at site K. A similar degree of root ECM colonization
has been reported in other oak forests (Q. ilex) [24]. Fodor et al. [59] found a high variability in the
proportion of ECM tips in declining Q. robur, ranging from 33% to 78%. Differences in the degree of
mycorrhizal colonization could also be expected in Q. robur stands in relation to disturbances caused by
abiotic and biotic factors (health status), as well as the age of the stands. We found a positive correlation
of vital mycorrhizal root tips to soil calcium (Ca) and pH (Figure 7). This result is in line with previous
reports [60,61]. Moderate doses of liming have been observed to increase the mycorrhizal status of oak
(Quercus petraea and Q. robur) roots in ten in situ trials [60]. ECM colonization was observed to increase
in a dose-dependent manner with the increasing pH in the humus layer due to liming [61,62]. On the
other hand, many ECM fungal species are considered to be acidophilic [63], and higher concentrations
of calcium could result in shifts in the ECM community composition [60,64]. Soil Ca content was found
to be a strong predictor of soil fungal richness and community composition [65].

In the current study, the proportion of vital fine roots correlated negatively with the soil
phosphorus content (Figure 7: increase of non-vital (NV) root tips with increasing phosphorus in
humus layer). Moreover, the highest abundance of NV root tips was observed at site KB, which was
characterized by high levels of phosphorus. These results are consistent with Iwański et al. [66],
where the analysis of mycorrhizal associations of nursery grown Scots pine seedlings demonstrated a
positive correlation of dead mycorrhizas to P2O5 content. Negative effects of phosphate on mycorrhizal
colonization have been detected in previous studies [67,68]. Børja and Nilsen [61] observed that
ECM colonization decreased with an increasing amount of extractable phosphorus in the humus.
The inhibition of growth of some ECM fungi by elevated levels of phosphate has also been confirmed
in pure culture [63,69]. Some authors have hypothesized that non-mycorrhizal root tips might be
vulnerable entry points for pathogens into the tree [24], as ECM root tips covered with a fungal mantle
are thought to be more resistant to root pathogens [70]. Thereby, elevated soil P content might result in
increased exposure to root pathogenic fungi, due to a decrease of ECM colonization. To a certain extent,
this could explain the positive correlation between the phosphorus amount and number of non-vital
root tips observed in our study. Alternatively, reduced sink-strength due to the loss of vitality of ECM
host trees and their fungal associates may be the reason for elevated soil P levels. To understand the
underlying causalities, further investigations into soil P budgets are necessary.

We found a higher abundance of non-mycorrhizal root tips (NM) at sites (K and P) rich
in humus and nitrogen (Table 4, Figure 2). These results are consistent with previous study.
As Baier et al. [71] suggested, the role of humus in the nutrition of plants influences the spatial spread
of fine roots in the soil. They detected a greater share of fine roots in humus-rich microsites. Moreover,
it was experimentally confirmed that the addition of an aqueous solution of nitrogen increased the
formation of new NM hair roots and at the same time reduced their mortality [72]. Conversely, a high
N deposition can reduce the formation of ECM root tips [73]. The negative influence of N on the growth
of external ECM mycelium has been observed both in the laboratory and in field studies [74,75]. In our
study the abundance of NM root tips increased with increasing organic carbon, C:N ratio, relative soil
humidity, and, less strongly, with total N content. Additionally, Thomas and Blank [76] suggested that
an excess of nitrogen increases oak damage from winter frosts. This fact might indirectly explain the
health state of the oaks at sites K and P, which was much worse than the health of the KB stand, as the
first sites had higher nitrogen contents. The negative relationship of pH and NM suggests that highly
acidic conditions reduce the vigour of ECM fungi.
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4.2. ECM Symbiosis and Fungal Community Composition

In the present study, the distributions of ECM fungi in three declining oak sites differing in
ecological condition represented by soil properties (pH, C, N, etc.), stand age and tree health status
was determined. The ECM fungal community consisted of 78% Basidiomycota and 22% Ascomycota
across all analysed stands, with the proportions in agreement with previous studies [77]. The recorded
species are characteristic and widespread ECM oak associates [41,78,79]. However, the observed
species richness was low compared to other reports from oak forests [79,80]. Crown defoliation may
result in the reduction of photosynthetic activity, which negatively affects the below-ground carbon
allocation on which ECM symbionts are dependent [22,81]. This fact may indirectly explain the lower
diversity of ECM fungi at the more damaged stand at site K. This finding is in accordance with
previous studies by Kovacs et al. [12] and Mosca et al. [82], where the Shannon index of diversity of
ECM morphotypes was found to be higher in the root systems of vital trees.

Despite the similarity of the ECM fungal communities in the three sites, we observed differences
in the abundance and frequency of ECM taxa. It should be noted that we only analysed oak roots,
discounting those of C. betulus, C. avellana, P. abies and other plants in the understory and shrub layer
of this oak forests. It must be kept in mind that the richness and structure of ECM communities may
also be influenced by the presence of other mycorrhizal host species, which might play the role of
refuge plants and could support or suppress ECM fungal inoculum for oak trees [68,83].

4.3. Ecological Importance of Exploration Types of Ectomycorrhizae

Previously observed relationships between ECM exploration types and physical and chemical
soil properties were confirmed in our study [25,84,85]. The short distance exploration type was
represented mainly by the genera Tomentella, Inocybe and Cenoccocum-like, and was most abundant
at site KB, which was characterized by higher soil pH and phosphorus content. The correlation
of the short exploration type to soil pH and P2O5 may be explained by differences in phosphorus
uptake due to differences in the total mycelial surface area and mycelial length. Pine seedlings
experimentally inoculated with Pisolithus tinctorius, which has been shown to produce a 1.5 times
higher potential absorbing surface area, absorbed almost twice as much phosphorus as those
inoculated with Cenococcum geophilum [86]. The contact type represented mainly by the genera
Lactarius and Russula is considered well adapted to soil layers rich in organic matter and to relatively
nutrient rich conditions [85,87,88]. In our study, this contact type was most strongly correlated to
soil organic matter (C:N ratio and Corg), while correlations to soil nutrients were negative (N, K)
or inevident (Ca, Mg, P2O5) (Figure 6). In contrast, exploration types with abundant mycelial
biomass, such as the long distance exploration type, were found to be well adapted to nutrient-poor
conditions [87,89]. In our study, the long distance type and the medium distance smooth type were
positively correlated to silt and clay content (rather low in all sites), and negatively correlated to Ca,
Mg, P2O5 and pH. Silt and clay contents are determinants of soil pore size distribution and field
capacity. ECM fungi are essential for base cation mobilization from soil minerals in highly acidic, base
limiting conditions [90]. Our results suggest that different exploration types have different roles in
base cation homoeostasis. Bakker et al. [60] reported that liming of acidic oak forest soils with low
base saturation was shown to stimulate fine root development and ECM formation, and to result in
shifts of ECM community composition, particularly an increase of ‘hairy’ types of ECM at the expense
of the relative proportion of smooth ECM. The long distance exploration type was most abundant
at sites K and P, and correlated moderately with the total N amount. It is well known that there is
a variability between different ECM species, and even between strains of the same species, in use
of organic N sources [70]. Laiho [91] examined the N-source preferences of a number of strains of
Paxillus involutus, and concluded that the failure of P. involutus to grow in raw humus was primarily
due to a lack of available N.
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4.4. Tree Health Status and Ectomycorrhizal Colonization

Among-site comparison suggested a surprising negative relationship between tree health and
ECM status, with the highest proportion of non-vital root tips recorded in the least damaged stand
(Figure 2). However, canonical correspondence analysis (CCA) of the biometrical parameters of roots,
crown transparency and vitality index and analysed root fine types (VM, NV, NM) from all sites
combined did not reveal a strong correlation of tree foliage damage with any of the parameters
investigated in the first two dimensions of the parameter space, but did show a weak positive
correlation of tree foliage damage and VM (Figure 7). Stand-wise, ECM diversity was highest at
KB, the stand with the best tree health status, and lowest at K, the most severely declining stand
(Table 3). Interestingly, the diversity of functional groups of ECM (exploration types) was highest at
KB as well, indicating a potential positive role of ECM functional diversity.

Conjeaud et al. [92] observed 30% growth depression in Hebeloma-colonised pine seedlings
compared to non-mycorrhizal controls at 6 months, independently from different nutrient regimes
(with and without phosphorus fertilization). Mycorrhizal plants were characterized by increased
net photosynthesis and root respiration rates, compared with non-mycorrhizal ones. The growth
depression was observed in all parts of the plants; however, the shoot/root ratio showed that the shoots
were more affected by ECM colonization than the other plant organs. Ibáñez et al. [50] found that the
impact of both AM (arbuscular mycorrhiza) and ECM colonization on seedling survival and growth
of Quercus suber and Q. canariensis, characterized by dual mycorrhizal colonization, was negative
or neutral but never positive. We cannot exclude adverse effects of interactions between ECMs on
oak roots and AM of other plants in the understory. In our study, the positive effect of calcium
and a higher pH on mycorrhizal colonization was confirmed (Figure 7), and this relationship was
particularly evident at site K, which was characterized by the highest soil Ca content and the highest
abundance of vital mycorrhizas. Moderate doses of calcareous amendments to acidic soils have been
shown to increase fine root length and biomass, tree growth and improve the mineral levels in the
foliage [60,93]. The ECM species richness, which was found to be the lowest at site K, might also play
an important role in the balance of cause–effect of all these observations. Some authors emphasized
that a much better understanding of mycorrhizal associations should result from comprehending
the conditions in which they appear to be neutral or even parasitic [94]. It is believed that the oak
decline phenomenon is a complex disease, caused by several biotic and abiotic factors, often acting
synergistically [10,95]. Jung et al. [95] suggested that Phytophthora soil-borne pathogens, and also
droughts and crown defoliation, are factors involved in driving the oak decline in Central Europe.
Thus, further investigations should be conducted to answer the question: is the decline of ECM status
causal to oak decline, or not?

5. Conclusions

Overall, the degree of mycorrhizal colonization was very poor in the declining Q. robur stands,
confirming the below-ground perspective of oak decline [12,14]. To our surprise, we found a negative
correlation of vital ECM root tip abundance with the crown health status of oaks, whereas higher ECM
diversity reflected better crown health in the oak stands studied. Fine root and ECM turnover is known
to be a dynamic process. The ratio of vital and non-vital ECM is possibly influenced by short-term
factors such as local droughts, while ECM diversity may be more susceptible to long-term trends such
as stand decline.
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