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Abstract: The influence of three types of treatment on seedling survival percentage, growth and Armillaria infestation
of Fagus sylvatica L. (FAGUS), Abies alba Mill. (ABIES) and Picea abies (L.) H. Karst. (PICEA) seedlings were tested in
this study: (i) inoculation with the Ectovit® preparation containing ectomycorrhizal fungi (INOCUL), (ii) Ectovit® pre-
paration + Conavit® fertilizer (INOCUL + FERTILIZ) and (iii) the untreated group (CONTROL). The selected sample
contained 100 seedlings per each tree species and treatment type (900 seedlings in total). Besides that, 18 months after
planting, 10 living seedlings per each species and treatment (90 seedlings in total) were sampled to evaluate root dry
mass and Armillaria infestation. The data were statistically evaluated by frequency analysis, analysis of variance and
Kruskal-Wallis test. The overall seedling survival percentage was very low, probably due to extreme drought and high
temperatures, with significantly lower results for the ABIES INOCUL + FERTILIZ and PICEA INOCUL + FERTILIZ
groups. All tested growth characteristics (seedling height increment, root collar diameter increment, seedling shoot dry
weight, root dry mass) were significantly higher in PICEA seedlings. Root collar diameter increment showed significant
differences within each species and inconsistent results. Armillaria was detected only in the PICEA CONTROL group
as rhizomorphs identified as A. ostoyae. The results suggest that the artificial mycorrhizal preparation can be an efficient
method of preventing Armillaria infestation, especially in spruce seedlings.
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Due to global climate change, European forests are
facing changes in average values of climatic factors
and increasingly more extreme weather conditions
such as longer droughts, storms and floods (Lindner
et al. 2008). These conditions activate numerous biot-
ic harmful factors including pathogenic fungi (Haa-
vik et al. 2015). Honey fungus (hereinafter referred to
as Armillaria) belongs to the most significant wood-
destroying fungi. It thrives in longer growing periods
connected with higher temperatures, and it benefits
from host trees stressed by lower precipitation (Lind-
ner et al. 2008). Spruce stands of non-original com-
position (Cerny 1988) on oligotrophic or mesotroph-

ic sites, sites with soil compaction and pH values < 5
are the most threatened ones (Lindner et al. 2008).
The symptoms of Armillaria infestation include res-
in flow, white rot typically affecting roots and lower
parts of the trunk, butt swell, light grey-green to
yellow-green colour of needles and later their cast,
presence of sporocarps near infested trees, presence
of whitish membranous mycelium (syrrotium) un-
der the bark and presence of brown to black cord-
like rhizomorphs on roots and near them (Soukup
2005). Armillaria belongs to the Basidiomycota divi-
sion and comprises approximately 70 species (Sipos
et al. 2018). In Europe, there are seven Armillaria
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species: Armillaria ostoyae (Romagn.) Herink,
A. mellea (Vahl) P. Kumm, A. borealis Marxmiiller
& Korhonen, A. gallica Marxmiiller & Korhonen,
A. cepistipes Velen., Desarmillaria tabescens (Scop.)
R.A. Koch & Aime and D. ectypa (Fr.) R.A. Koch &
Aim (Guillaumin et al. 1993; Zicha 2019).
Inoculation with mycorrhizal fungi has a positive
effect on plant survival rate and growth, and it in-
creases resistance to various abiotic factors and bi-
otic harmful agents (Gryndler et al. 2004; Peskova,
Tuma 2010). Successful inoculation requires ecto-
mycorrhizal fungi to be able to make ectomycorrhi-
za with the host plant easily and quickly, to adapt to
the site conditions and be resistant to stress. There
is no universally suitable symbiont for a given tree
species (Mejstrik 1988). The positive effect of artifi-
cial inoculation with mycorrhizal fungi for trees is
considerably strong especially under unfavourable
conditions including droughts (Garbaye, Churin
1997; Ortega et al. 2004; Peskovd, Tuma 2010).
With regard to ongoing climate change, it can be
expected that artificial mycorrhizal treatment can
become an increasingly important method of sup-
porting seedlings cultivated in forest nurseries and
in establishing new forest sites by reforestation
and afforestation. Nevertheless, there is no verifi-
able growth stimulation in many cases (Castellano
1996; Holusa et al. 2015), and the effect of artificial
inoculation can differ even when the same treat-
ment is applied to trees of the same species (Holusa
et al. 2009; Peskovd, Tuma 2010; Repdc et al. 2011).
The influence of artificial mycorrhizal inoculation
on Armillaria infestation in case of plants living
in symbiosis with ectomycorrhizal fungi (i.e. most
tree species including beeches, firs and spruces)
has been tested thoroughly only with the Scots pine
(Pinus sylvestris L.) (Kowalski, Wojnowski 2009).
Other studies only reported about individual cases
of the presence of Armillaria rhizomorphs without
their species identification and statistical evalua-
tions (Tucéekova et al. 2009; Peskova, Tuma 2010).
The goal of this study was to explore whether and
how much the mycorrhizal treatment increases the
ability to resist to the Armillaria infection level in
cases of three tree species which are highly impor-
tant in forestry: European beech — Fagus sylvatica
L. (hereinafter referred to as FAGUS), European
silver fir — Abies alba Mill. (hereinafter referred to
as ABIES) and Norway spruce — Picea abies (L.)
H. Karst. (hereinafter referred to as PICEA). Based
on the results, the study aims to evaluate efficiency
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and applicability of an artificial mycorrhizal prep-
aration in forestry practice. For this purpose, the
survival rate, basic growth characteristics and the
presence of Armillaria infestation were compared
in seedlings treated with: (i) mycorrhizal prepara-
tion, (i) mycorrhizal preparation + fertilizer and
(iii) untreated (control) seedlings planted in a site
with the strong Armillaria infection level.

MATERIAL AND METHODS

Material. The study was carried out in a re-
search site near the municipality Moravsky Be-
roun — Cabovda (Olomouc Region, Czech Republic;
49°48'20"N, 17°29'30"E). In the years 1981-2010, the
average annual temperature of the site was 7.8 °C,
average annual precipitation was 708 mm (CHMU
2020). The research period was characterised by
relatively high temperatures and low precipitation,
especially in April-August 2018 (CHMU 2020, Fig-
ure 1). The bedrock is mostly composed of laminat-
ed shales. The soil type is dystric Cambisol (CENIA
2010-2020). The site is located in a former spruce
stand with the strong Armillaria infection level
which was also confirmed by the frequent presence
of their sporocarps in autumn 2018 and 2019.

The following bare-root seedlings were planted
at the site: FAGUS, ABIES and PICEA (Table 1).
Two thirds of these seedlings of each species were
inoculated by the Ectovit® preparation, contain-
ing ectomycorrhizal fungi (hereinafter referred to
as INOCUL). In a half of the inoculated seedlings,
the Conavit® fertilizer was also applied to planting
holes and to the roots during the planting (here-
inafter referred to as INOCUL + FERTILIZ). One
third of all seedlings was not treated (hereinafter
referred to as CONTROL) (Table 1).

Methods. In the period of 215-22"! June 2018,
100 seedlings for each of the 9 combinations of
the tree species and treatment were selected, i.e.
900 plants in total. Approximately 14—17 seedlings
in 6-7 rows in the centre of the research site were
marked for each combination. Studied parameters
of the marked seedlings included the seedling sur-
vival percentage, seedling height (as cm from the
root collar, i.e. from the soil surface to the top of
the terminal bud) and root collar diameter (with
a calliper to the nearest 0.1 mm; measured on the
seedling stem at the point of contact with the soil
surface). Measurements were repeated on 11%h—
12*" October 2018 and 24%-30™ October 2019.
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Figure 1. Temperature deviation from normal (°C) and percent of normal precipitation (%) in the research period in

Olomouc region in 1981-2010 (CHMU 2020)

Table 1. Summary of used seedlings and treatments

Tree species FAGUS
planted on 20*"-30t% April 2018.

ABIES Abies alba Mill. Five-year-old seedlings undercut as two-year-old seedlings,

planted on 1%~10" May.

Fagus sylvatica L. Two-year-old seedlings undercut as one-year-old seedlings,

PICEA Picea abies (L.) H. Karst. Three-year-old seedlings transplanted from a plastic greenhouse
to a nursery as one-year-old seedlings, planted on 1020 April 2018. Application of Vaz-
tak Active insecticide (microemulsion with alpha-cypermethrin 50 g-L-! as active ingredi-
ent; BASF SE, Ludwigshafen, Germany) in dosage of 5 I-'ha™!, applied with a back sprinkler

as a protection against the large pine weevil (Hylobius abietis L.) in June 2018.

Treatment INOCUL Inoculation of seedlings by Ectovit® preparation (Symbiom, s.r.0., Langkroun, Czech Repub-
lic) before planting. During inoculation, the whole root surface was immersed in the mycor-
rhizal solution made of 3 kg of the Ectovit® product and 50 L of water. The preparation
contains the mycelium of 4 ectomycorrhizal fungi on agar medium: Amanita muscaria (L.)
Lam., Hebeloba crustuliniforme (Bull.) Quél., Laccaria proxima (Boud.) Pat. and Paxillus
involutus (Batsch) together with basidiospores of two ectomycorrhizal fungi as part of the
peat component: Pisolithus arhizus (Scop.) Rauschert and Scleroderma citrinum Pers.

INOCUL  Inoculation of seedlings by Ectovit® preparation + application of Conavit® fertilizer (Sym-

+ biom, s.r.0., Lanskroun, Czech Republic) to planting holes and to the roots during planting
FERTILIZ with dosage of 50 ml per plant. The fertilizer contains extracts from marine organisms,
natural humates, ground minerals and natural keratin; it is rich in N, P, K, Ca, Mg and it

also contains B, Mn, Cu and Zn.

CONTROL Seedlings without inoculation and fertilization.

FAGUS - Fagus sylvatica; ABIES — Abies alba; PICEA — Picea abies; INOCUL — inoculation;
INOCUL + FERTILIZ — inoculation + fertilization; CONTROL — untreated group
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observed values and their comparison with expected
values (x?). Growth characteristics (seedling height
increment, root collar diameter increment, seedling
shoot dry weight, root dry mass) were tested for the
normal distribution by the Shapiro-Wilk test. In
case of the normal distribution, the significance of
differences between individual treatment forms was
determined by the analysis of variance (ANOVA)
and subsequently the Tukey HSD test was applied
for multiple comparisons. For data not showing the
normal distribution (seedling height increment in all
tree species, root collar diameter increment in all tree
species, seedling shoot dry weight in ABIES, root dry

Table 3. Results of the statistical tests for assessed variables

mass in ABIES), the non-parametric Kruskal-Wallis
test (K-W) was used, and subsequently Dunn’s test
(z) for multiple comparisons (Table 3).

RESULTS

Seedling survival percentage was significantly
lower in ABIES and PICEA (Table 3), especially in
the INOCUL + FERTILIZ category (Table 4).

There were no significant differences in seedling
height increment, seedling shoot dry weight, and
root dry mass between individual types of treat-
ment in individual tree species (Table 3, Figure 2).

. Tree Value .. .
Variable species N of the test Significantly different treatments
Seedling FAGUS 300 x%0.1818 091
survival
percenta e (%) 2. - INOCUL > INOCUL + FERTILIZ;
& ABIES 300 x* 11.5319 CONTROL > INOCUL + FERTILIZ
CONTROL > INOCUL + FERTILIZ;
2. EY T )
PICEA 300 X% 19.7813 INOCUL > INOCUL + FERTILIZ
Increment FAGUS 169 K-W:4.4969 0.11
of the seedling ABIES 115 K-W:1.2168 0.54
height (cm) PICEA 188 K-W:1.5697 0.46
Increment FAGUS 129 K-W:17.5205 ** CONTROL > INOCUL; z = 4.1754***
of the root collar
diameter (Cm) \YT. s CONTROL > INOCUL, zZ = 3.2272**;
ABIES 123 K-W:12.2831 CONTROL > INOCUL + FERTILIZ; z = 2.4961*
. INOCUL > CONTROL; z = 4.6355**;
PICEA 185 K-W:25.0741 INOCUL > INOCUL + FERTILIZ; z = 3.5409**
Seedling FAGUS 30 F:1.5678 0.23
aboveground ABIES 30 K-W:5.5819 0.06
dry weight (g) PICEA 30  F 18720 0.7
Root dry FAGUS 30 F:1.6058 022
mass (g) ABIES 30 K-W:22168 0.33
PICEA 30 F:3.0928  0.06
No. of seedlings ~ FAGUS 30 x*0.0000  1.00
with Armillaria
rhizomorphs ABIES 30  x%0.0000  1.00
PICEA 30 160000  *** CONTROL > INOCUL;

CONTROL > INOCUL + FERTILIZ

N - sample size; P — significance level (*, **, ***P < 0.05, 0.01, 0.001); K-W — Kruskal-Wallis test; F — value of the Analysis
of Variance (ANOVA); z — Dunn’s test; FAGUS — Fagus sylvatica; ABIES — Abies alba; PICEA — Picea abies; INOCUL —
inoculation; INOCUL + FERTILIZ — inoculation + fertilization; CONTROL — untreated group
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Table 4. Mean + standard deviation and values for assessed variables

Variable Tree species Treatment N Value
INOCUL 100 56
Seedling survival FAGUS INOCUL + FERTILIZ 100 60
percentage (%) CONTROL 100 60
INOCUL 100 57
ABIES INOCUL + FERTILIZ 100 28
CONTROL 100 56
INOCUL 100 77
PICEA INOCUL + FERTILIZ 100 35
CONTROL 100 80
INOCUL 51 0.75 + 2.42
Increment of the FAGUS INOCUL + FERTILIZ 59 2.00 + 3.95
INOCUL 57 3.28 +4.05
ABIES INOCUL + FERTILIZ 28 2.46 + 3.20
CONTROL 30 3.30 + 3.43
INOCUL 76 11.62 + 8.53
PICEA INOCUL + FERTILIZ 35 10.11 £ 7.09
CONTROL 77 11.08 + 10.76
INOCUL 38 0.04 + 0.04
Increment of the root FAGUS INOCUL + FERTILIZ 48 0.07 £ 0.05
collar diameter (Cm) CONTROL 43 0.11 + 0.09
INOCUL 48 0.11 +£0.13
ABIES INOCUL + FERTILIZ 23 0.08 + 0.06
CONTROL 52 0.14 £ 0.10
INOCUL 75 0.62 + 0.25
PICEA INOCUL + FERTILIZ 31 0.42 + 0.25
CONTROL 79 0.42 + 0.24
INOCUL 10 2.89 +1.13
Seedling FAGUS INOCUL + FERTILIZ 10 3.26 + 1.81
aboveground CONTROL 10 4.21 + 2.07
dry weight (g) INOCUL 10 6.58 + 3.19
ABIES INOCUL + FERTILIZ 10 5.33 + 3.86
CONTROL 10 9.05 + 4.39
INOCUL 10 69.72 + 28.60
PICEA INOCUL + FERTILIZ 10 55.60 + 24.62
CONTROL 10 48.01 + 22.80
INOCUL 10 2.85 + 1.64
Root dry FAGUS INOCUL + FERTILIZ 10 3.83 +2.49
mass (g) CONTROL 10 4.52 + 2.07
INOCUL 10 3.83+1.93
ABIES INOCUL + FERTILIZ 10 3.91 +3.12
CONTROL 10 5.81 + 3.65
INOCUL 10 27.32 + 11.38
PICEA INOCUL + FERTILIZ 10 21.43 +9.18
CONTROL 10 16.57 + 8.23
INOCUL 10 0
No. of seedlings FAGUS INOCUL + FERTILIZ 10 0
with Armillaria CONTROL 10 0
rhizomorphs INOCUL 10 0
ABIES INOCUL + FERTILIZ 10 0
CONTROL 10 0
INOCUL 10 0
PICEA INOCUL + FERTILIZ 10 0
CONTROL 10 8

FAGUS - Fagus sylvatica; ABIES — Abies alba; PICEA — Picea abies; INOCUL - inoculation;

INOCUL + FERTILIZ — inoculation + fertilization; CONTROL — untreated group
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Root collar diameter increment was statistically
significantly different in (1) FAGUS (Table 3): sta-
tistically significantly higher in CONTROL com-
pared to INOCUL (Tables 3 and 4); (2) in ABIES
(Table 3): statistically significantly higher values in
CONTROL compared to INOCUL (Tables 3 and 4)
as well as CONTROL compared to INOCUL
+ FERTILIZ (z; P < 0.05; Table 3 and 4); (3) and
in PICEA (Tables 3): significantly higher values of
INOCUL compared to CONTROL (Tables 3 and 4)
and INOCUL compared to INOCUL + FERTILIZ
(Tables 3 and 4).

Out of 90 selected seedlings (10 of each catego-
ry), the Armillaria presence was detected just as
rhizomorphs only on roots and butts of eight seed-
lings — and all of them were from PICEA CON-
TROL (Table 4). Molecular analyses identified the
rhizomorphs as Armillaria ostoyae.

The lowest concentrations of nutrients in the soil
(in total) were identified in ABIES INOCUL + FER-
TILIZ and FAGUS INOCUL + FERTILIZ, while
the highest ones were found in PICEA INOCUL +
FERTILIZ and PICEA CONTROL (Table 2).
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DISCUSSION

In this study seedling survival percentage was
generally very low due to extremely unfavour-
able climatic conditions in the Olomouc Region
in the planting year: in 2018, the average annual
temperature was 1.7 °C higher and average annu-
al precipitation reached only 79% in comparison
with the long-term normal of 1981-2010 (CHMU
2020). A noticeable negative effect of drought and
high temperatures on seedling survival percentage
contrary to the influence of artificial mycorrhizal
inoculation was also mentioned by Peskova and
Tuma (2010). In this study the lowest seedling sur-
vival percentage was documented in the categories
ABIES INOCUL + FERTILIZ and PICEA INOCUL.
As distinct from our results, preceding studies re-
ported the higher survival percentage of inoculat-
ed seedlings in Fagus sylvatica, Abies alba, Picea
abies (Tucekova et al. 2009), Tilia cordata Mill.,
Acer campestre L. and Quercus robur L. (Fini et al.
2016). In case of Hebeloma crustuliniforme inocu-
lation, the higher seedling survival percentage was

vz
(T

FAGUS

FAGUS FAGUS ABIES
INOCUL INOCUL CONTROL INOCUL
+ FERTILIZ

ABIES ABIES PICEA PICEA PICEA
INOCUL CONTROL INOCUL INOCUL CONTROL
+ FERTILIZ + FERTILIZ

Figure 2. Weight of root dry mass of selected plants according to the root diameter

FAGUS - Fagus sylvatica; ABIES — Abies alba; PICEA — Picea abies; INOCUL - inoculation;
INOCUL + FERTILIZ - inoculation + fertilization; CONTROL — untreated group
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also seen in Pinus sylvestris (Kowalski, Wojnow-
ski 2009). In our study, categories with the lowest
seedling survival percentage had either the lowest
(ABIES INOCUL + FERTILIZ) or the highest (PI-
CEA INOCUL + FERTILIZ) concentration of nutri-
ents in their soil (Table 1). Both the deficiency and
overabundance of nutrients in soil can have a nega-
tive impact on plant physiology and it may result
in their withering or even dieback (Holub 2006),
which may have been the case for some seedlings. A
considerable influence of the environmental condi-
tions on the seedling survival percentage was also
mentioned by Kowalski and Wojnowski (2009). A
negative influence of fertilizers or mycorrhiza on
the seedling survival percentage is not expected as
it has not been documented in any of the existing
studies (Khasa et al. 2001; Fini et al. 2016). The seed-
ling survival percentage in our study was thus influ-
enced by climatic and edaphic conditions, whereas
mycorrhizal inoculation and fertilizer did not have
a substantial effect on their survival.

In ABIES, root collar diameter increment was
significantly higher in CONTROL in comparison
with the others, while in FAGUS, root collar diam-
eter increment was significantly higher in CON-
TROL compared to INOCUL. PICEA INOCUL,
where the increment of root collar diameter was
significantly higher in comparison with the other
treatments, had a significantly lower concentration
of available phosphorus in soil in comparison with
other PICEA categories and on the other hand, it
had the highest total concentrations of nitrogen,
carbon and sulphur (Table 1). A positive effect of
the increased concentration of nitrogen in soil on
tree growth is widely known; it has been docu-
mented for example in Picea abies by Utriainen and
Holopainen (2001). Root collar diameter increment
may have been positively influenced by the overall
concentration of nitrogen in the soil. Nevertheless,
this relationship was not valid for ABIES and FA-
GUS trees because the concentration of nutrients
in the soil including nitrogen was considerably low-
er with the INOCUL + FERTILIZ treatment (Ta-
ble 1). A significant influence on seedling growth
may have been that of microclimatic conditions
in the specific location of planting, as mentioned
for instance by Holusa et al. (2015). Results of the
Ectovit® influence on the growth of the given tree
species were therefore ambiguous. In previous
studies where this preparation was used, Holusa et
al. (2009) observed a significant positive influence
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on the seedling height, root collar diameter and
maximum root length of Picea abies seedlings in
a site with the high Armillaria infection level. On
the other hand, no significant influence of the Ec-
tovit® preparation on seedling growth was found in
other studies including Peskovd and Tuma (2010),
who examined the Picea abies seedlings, Repac et
al. (2011), who studied bare-root and container-
grown seedlings of Picea abies, Pinus sylvestris,
Larix decidua Mill., Fagus sylvatica and Acer pseu-
doplatanus L., or Lorenc and Novotny (2020), who
study Quercus robur L. seedlings. Using the ecto-
mycorrhizal preparation VAMBAC®, Holusa et al.
(2015) observed its significant positive influence
on treated seedlings and young stands of Quercus
robur in terms of the seedling height, root collar
diameter, maximum root length and root dry mass,
but only in some of the sites. Similarly, Tucekova
et al. (2009) used the same preparation on Picea
abies, Abies alba and Fagus sylvatica seedlings and
reported a significant increment of seedling height,
and root collar diameter increment only in some of
the five research sites and only in certain time pe-
riods (Tucekova et al. 2009). It is therefore obvious
that in many cases artificial inoculation does not
necessarily stimulate seedling growth.

Armillaria ostoyae rhizomorphs were found only
on seedling roots of one category in our study, the
PICEA CONTROL group. Although other Armil-
laria species can also be commonly found in spruce
stands (Holusa et al. 2018), only sporocarps of the
A. ostoyae which predominantly attack spruces
(Picea spp.) (UKZUZ 2020) were present at the re-
search site during the sampling. With other types of
treatment of the PICEA seedlings, no rhizomorphs
were found, probably due to the mycorrhizal prepa-
ration treatment which helped seedlings resist the
Armillaria infestation. Tucekova et al. (2009) ob-
served lower amounts of rhizomorphs on inoculated
seedlings not only in Picea abies, but also in Abies
alba, while the Fagus sylvatica seedlings had Armil-
laria rhizomorphs both on inoculated and control
seedlings. The Armillaria syrrotium was recorded
by Peskovd and Tuma (2010) on three untreated
seedlings and one Picea abies seedling treated with
the mycorrhizal preparation. A lower level of Armil-
laria infestation was confirmed in Pinus sylvestris
seedlings inoculated with Hebeloma crustuliniforme
(Kowalski, Wojnowski 2009). Artificial inoculation
with suitable mycorrhizal fungi can thus help seed-
lings to resist the Armillaria infection level.
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CONCLUSION

Our study confirms that artificial mycorrhizal in-
oculation is significant especially in sites with a high
infection level of pathogenic organisms including
the Armillaria fungi as it can help protect seedlings
of potentially threatened tree species. However,
there can also be a considerable influence of the
climatic and microclimatic conditions at the site,
nutrient concentration in soil, quality of the mycor-
rhizal product and fertilizer, physiological condition
of seedlings during planting, planting time and cul-
tivation method. As a consequence of these factors,
the positive influence of artificial inoculation with
mycorrhizal fungi may not manifest itself.
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