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Abstract. Tuber aestivum is one of the most widespread truffle species which is found on the
territory of Bulgaria. Its natural habitats include a wide range of soil units and a wide spectrum
of ectomycorrhizal host tree species. In our study we have obtained valuable data of basic soil
parameters in natural habitats of the summer truffle in Western Bulgaria. The soil reaction of the
studied soils varies significantly. The pH (H2O) of soils was assessed as slightly alkaline to
neutral, and in fewer cases it was slightly acidic. In most productive truffle sample plots the
average pH value was 6.9, the soils had moderately fine texture and were rich in SOC. The
average Org.C/N ratio was 10, therefore the transformation of organic matter is high, and the
soil is well stocked with total nitrogen. All the studied soils were rich in exchangeable calcium

and highly saturated with bases.
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Introduction

The family Tuberaceae is one of the most
diverse lineages of fungi that form truffles
(Leesspe & Hansen, 2007) although it is not com-
posed strictly of truffle fungi (Bonito et al., 2013).
Truffles are fruiting bodies of ascomycetous fungi
belonging to the genus Tuber (Ascomycota, Pezi-
zales). The number of species in this genus
remains unclear but it was assumed that it com-
prises at least 180 species worldwide (Bonito et al.,
2010). In 2019 two new species (T. pulchrosporum
and T. thracicum) which belong to this genus were
found and described in Bulgaria (Polemis et al.,
2019). It should be noted that species of Tuber can
form not only ectomycorrhizas but also mycor-
rhizas (Lancellotti et al., 2014) and endomycor-
rhizas with orchids (Selosse et al., 2004).

One of the commercial truffle species is Tuber
aestivum (Vittad.) commonly known as summer or
Burgundy truffle. Some authors suggested that T.
aestivum and T. uncinatum Chatin are synonyms
(Paolocci et al., 2004; Wedén et al., 2004). In 2013 it
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has been proven that Tuber aestivum and Tuber
uncinatum Chatin are conspecific (Molinier et al.,
2013). It is considered to be the third most wide-
spread truffle in Europe (Hall et al., 2007; Cheva-
lier, 2010, 2012) with broad ecological amplitude
(Robin et al., 2016). It is found in both urban and
natural habitats at a wide range of elevations
(Nedelin et al., 2017). The summer truffle may
form ectomycorrhizas with a wide range of host
plants of different genera such as Pinus, Picea,
Carya, Castanea, Cistus, Corylus, Fagus, Ostrya, Tilia,
and Quercus (Wang et al., 2008; Chevalier, 2009;
Benucci et al, 2012; Hilszczanska et al., 2019).
According to Zambonelli et al. (2015), it has an
immense potential for cultivation because of its
adaption to a wide range of soils, climate, and host
plants. Innagi et al. (2020) pointed out that in the
temperate habitats the fruiting season has two
maxima (July and November). Fruiting of truffles
cannot take place even when climatic conditions
are favorable if certain soil characteristics are
inappropriate. The soil conditions which are favo-
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rable to truffle fruiting can vary significantly by
species (Chevalier & Sourzat, 2012).

In recent decades black truffles are more
valued because of their unique taste and aroma
(Berch, 2013; Berch & Bonito, 2014) and hence the
high price on the market. For the past two
decades, truffle hunting in Bulgaria has attracted
ever growing attention (Nedelin et al, 2022).
Although several authors have focused their
research worldwide on soil characteristics (Che-
valier & Sourzat, 2012; Gégan et al., 2012; Pacurar
et al, 2019), which are a major factor in the
development of fruiting bodies of T. aestivum, in
Bulgaria there is still a lack of data on this topic.
Our study was conducted to fulfil this gap of
information. The main aim was to obtain data for
soil parameters in natural distribution areas of T.
aestivum. It was also intended to gain knowledge
which soil characteristics play a key role to deter-
mine the favourable conditions for the develop-
ment of a larger amount of truffle ascomata in the
studied areas. A comparison of soil characteristic
has been made between the areas with the largest
amount of fruiting bodies and those with the least
ones.

Materials and methods

Study area

To highlight and better understand the fa-
vourable soil conditions for T. aestivum ascomata,
22 sample plots were selected from over 50
investigated truffle areas in Western Bulgaria. The
criteria for the selection were the higher ratio -
productivity/area (kg-m?2) of truffle sample plots,
tree vegetation and altitude.

The field surveys were conducted two times
per month from the end of May to the end of
November 2023. Table 1 shows the main topo-
graphical characteristics of studied truffle sample
plots and their momentary productivity. The spe-
cific geographical coordinates are not provided in
the table due to the lack of legal framework
regarding the truffle hunting in Republic of
Bulgaria and to protect the truffle habitats from
poachers. All the studied areas are located within
120 km from Sofia city.

The climate in the studied areas is moderate
continental with average annual precipitation of
550 mm up to 860 mm. The maximum precipi-
tation occurs from May to June (Koleva & Peneva,
1990).
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Soil sampling

All soil samples were taken from the natural
distribution truffle areas. They were collected
according to FAO recommendations (FAO, 2006).
From each sample plot, soil samples were taken in
three repetitions of the soil layer (0-10 cm), where
the T. aestivum ascomata occurs. The soil was
collected after removing litter layers and the
accompanying vegetation on the soil surface. To
obtain data on bulk density of the soils, soil
samples were taken using a metal cylinder in three
repetitions from each sample plot. Approximately
2 kg of soil were collected from each sample plot
in no more than 15 cm distance of T. aestivum
fruiting bodies. Soil analyses were carried out in
Central Laboratory of University of Forestry,
Sofia.

Soil analyses and methods

Each soil sample was tested to determine the
following parameters:

- Active soil reaction - pH(H:0) (ISO
10390:2005);

- Bulk density (ISO 11272:1998);

- Particle density by pycnometer method
(ISO 78710:1993).

- Soil porosity was determined by formula
1):
BD

SP=(1_PD

) x 100 (1),
where: SP is soil porosity in %, BD is bulk density
in g em? and PD is particle density.

- Soil organic matter was determined by
modified Turin’s method - 120°C, 45 min and
CuSO; as a catalyst (Kononova, 1963, Filcheva &
Tsadilas, 2002);

- Total nitrogen - Kjeldahl method (Kjeltec

Auto 1030 Analyser);

- Available phosphorus (P:05) and
available potassium (KoO) - acetate-lactate
method (Ivanov, 1984);

- Soil texture was measured as clay - <2 pmy;
silt - 2-63 pm and sand - 63-2000 pm (ISO
11277:2009);

Exchangeable cations (Ca?, Mg?, K¢,
Na) after ISO 11260:2018;

Soil water holding capacity and field
capacity - Kachinskii method (Kachinskii, 1963).
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Table 1. Topography, tree vegetation (hosts) and momentary productivity of the studied truffle
sample plots.

Sample | Altitu- | Expo- |Slope,| Soil unit Relief Micro | Host trees | Truffle | Annual
plot de, m | sition | % WRB, relief produc- | produc-
(2006, tivity tivity
2007)
1 580 SE 3 Vertisols plane plane | Qc, Ca, Cb L 1
2 515 NE 2 Fluvisols plane plane Tc M 2
3 670 SW 10 | Rendzinas | slope middle | plane Qp L 1
part
4 815 NW 15 | Rendzinas | slope middle | plane Tt S 3
part
5 810 SW 12 | Rendzinas | slope middle | plane Pn L 1
part
6 670 NE 15 | Rendzinas | slope upper | plane Pn, Ps M 3
part
7 670 NE 15 | Rendzinas | slope upper | plane Pn, Ps M 3
part
8 770 SE 16 | Rendzinas | slopelower | plane | Co, Qc, Qp L 1
part
9 880 SE 18 | Rendzinas | slope lower | plane Qc, Qp, M 3
part Tp, Ca
10 765 SW 14 | Rendzinas | slope middle | depres Pn S 2
part sed
11 765 SW 14 | Rendzinas | slope middle | depres Pn S 2
part sed
12 715 S 8 Rendzinas | slope lower | plane Pn M 3
part
13 640 SW 10 | Rendzinas | slope upper | plane Pn L 1
part
14 820 NE 16 Luvisols slope lower | depres | Fs, Cb, Qs, M 3
part sed Co, Ps
15 330 NE 6 Luvisols depression excava | Tt, Qf, Qd, S 2
tion Qf
16 325 NwW 3 Luvisols depression plane Tp, Qc, S 1
Cb, Qr, Co
17 330 NW 13 Luvisols slope lower | depres | Tt, Qd, Qc M 2
part sed
18 320 NwW 10 Luvisols slope lower | depres Tt, Cb, M 1
part sed Qc,Of
19 300 NE 3 Luvisols depression plane P 1-214, L 1
Cb, Tt, Qd
20 295 NE 2 Vertisols plane plane Qc, Cb, S 3
Ca,
21 325 NE 2 Vertisols plane plane | Tt, Qc, Cb, M 3
Qd
22 300 NE 2 Vertisols plane plane Pb S 3

Note: *S<25m?2 25 m2 <M <50m? L >50m?1>5kg, 2=25+5kg, 3 <2.5kg;

Ca- Celtis australis L., Cb - Carpinus betulus L., Cs — Castanea sativa Mill., Co - Carpinus orientalis Mill., Fs - Fagus
sylvatica L., Pb - Populus bachelieri; P 1-214 - Populus 1-214, Pn - Pinus nigra Arn., Ps - Pinus sylvestris L., Qc -
Quercus cerris L., Qd - Quercus dalechampii Ten., Qf- Quercus frainetto Ten., Qp- Quercus petraea (Matt.) Liebl.,
Tc- Tilia cordata Mill., Tp- Tilia platyphyllos Scop., Tt - Tilia tomentosa Moench.
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Results and Discussion

Host plants

The results in Table 1 showed that in the
studied sample plots the black summer truffle
forms an ectomycorrhiza with a wide range of
broad-leaved species (Betulaceae, Fagaceae,
Malvaceae and Salicaceae) and some conifers
(Pinaceae). The most common tree hosts belong to
Fagaceae and Pinaceae. According to Fischer et al.
(2017) most of black truffles occur and are
collected from oak (Quercus spp.) forests. The
highest truffle productivity was observed in
stands composed of species mainly belonging to
genus Quercus. Garcia-Montero et al. (2014) sug-
gests that Pinus spp. could also be considered as
good hosts for T. aestivum mycorrhizae and signi-
ficant amounts of truffles can be produced in pine
forest areas. Our study confirms that suggestion.
In two of the sample plots (SP5 and SP13) with
highest collected amounts of fruiting bodies tree
host was Pinus nigra Arn.

Soil structure

Soil structure of the soils in which T. aestivum
fruiting bodies occur in the studied areas was
assessed as good to excellent (Guimaraes et al.,
2011). Robin et al. (2016) mentions that soil struc-
ture is being highly loose and stable. The good soil
structure provides a good water, air and tempe-

rature regime in soil which has a favorable effect
on the growth of truffle fruiting bodies.

Bulk density, particle density and soil
porosity

The obtained data on soil bulk density (BD)
and porosity pointed out in Table 2 showed that
soils in all studied sample plots are characterized
by favorable soil physical properties. According to
Mukhopadhyay et al. (2019) a BD of less than or
equal to 1.3 g cm3 is considered as good. In our
study, bulk density of soils in truffle sample plots
is assessed as loose (0.90 gtm?) to good (1.33
g tm). The average bulk density value for the
surface horizon (0-10 cm) in the most productive
truffle soils was 1.09 g cm?, and in soils with low
amounts of fruiting bodies it was 1.20 gcm?3.
Although the difference between the two values is
not significant, this suggests that as the bulk
density values increase, the conditions for the
growth of truffle ascomata deteriorate. Hakkou et
al. (2023) obtained similar results to ours about the
bulk density and defined soils as loose to slightly
dense. Soil porosity varied in the narrow range
between good (45%) and very good (63%) (Dil-
kova, 2014). These results showed that the phy-
sical properties of the studied soils create favo-
rable conditions for the easier growth of the under-
ground fruiting bodies of the summer truffle.

Table 2. Physical properties of the soil units.

Sample plot Bulk density, g cm? Particle density Porosity, %
1 1.18 2.35 50
2 1.35 2.65 49
3 0.96 2.39 60
4 1.32 2.65 50
5 1.22 2.28 46
6 1.11 2.26 51
7 1.37 2.54 46
8 0.90 2.46 63
9 0.99 217 54
10 1.04 2.44 57
11 1.01 2.38 58
12 1.17 2.37 51
13 1.04 2.56 59
14 1.06 2.56 59
15 1.24 2.44 49
16 1.32 2.42 45
17 1.08 2.51 57
18 0.93 2.35 61
19 1.20 2.60 54
20 1.33 2.43 45
21 1.18 2.31 49
22 1.23 2.33 47
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Soil texture

Soil texture is an important factor affecting
the growth of truffle ascomata (Gezer et al., 2014).
It is well documented in the literature that T.
aestivum occurs on a great variety of soil texture
(Garcifa-Montero et al.,, 2012; Ponce et al., 2014;
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Jaillard et al., 2014; Hilszczaniska et al., 2019;
Hakkou et al., 2023). According to Robin et al.
(2016) fruiting bodies of black truffles occur in
soils with textures that vary considerably - from
silty clayey to loamy sandy. The results obtained
for soil texture in our study are shown on Fig. 1.

SANDY LOAM

LOAMY
SAND SAND

e

CLAY

Fig. 1. Soil texture of the soils in the sample plots.
*Note: In green colour - - soil texture of the soils with highest amounts of truffle fruiting bodies, in blue -
with moderate amounts and in red - with low amounts.

Fig. 1 show the soil texture of the soils from
which the highest amounts of summer truffle
fruiting bodies were found and collected (> 5 kg
per a sample plot). Although loam texture is con-
sidered to offer the most favorable conditions for
growth, the most common soil texture in the areas
with the highest amounts of summer truffle
fruiting bodies was silty clay loam. In contrast to
the study of Abourouh (2020), which indicated
that the sand fraction predominated (80-90%), in
our study we found out that the dominant fraction
in the most productive truffle soils was silt, follo-
wed by clay. In general, the soils in which the
largest amounts of fruiting bodies were found, are
characterized by a moderately fine texture.

225

Blue colored circles show the soil texture of
soils from which moderate amounts (2.5+5 kg) of
fruiting bodies were collected. These soils are cha-
racterized by heterogeneous soil texture, varying
from sandy loam, silt loam to clay. Soil texture of
soils with low amounts (< 2.5 kg) of ascomata are
presented on Fig. 1 in red. These soils also vary
significantly in their soil texture and there is no
clear trend in the distribution of individual frac-
tions.

Soil reaction

Soil reaction is one of the most important soil
characteristics (Thomas, 2012; Nedelin et al., 2022),
which determines the direction and rate of bio-
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chemical processes in the soil and the availability
of nutrients for the ectomycorrhizal fungi such as
T. aestivum. Some authors claim that ideal pH
value for the fruiting bodies of Burgundy truffles
is 7.5 (Thomas, 2012), while others argue that pH
is generally weakly alkaline to neutral, or even
mildly acidic (6.0 -7.6) (Hilszczarniska et al., 2019).
According to Bragato et al. (2022), soil pH may
vary from slightly acid to slightly alkaline, and
that variation may significantly affect the habitat
of ectomycorrhizal fungi. Our research also con-
firmed that pH varies between slightly acidic to
slightly alkaline (Table 3). We established that the

average pH value between the most productive
plots was 6.9.

Soil organic matter

The obtained results indicate that the soil
characteristics influencing T. aestivum production
in Western Bulgaria are very specific and depend
on soil unit. One of the main factors, which is lin-
ked to the high truffle productivity, is the accumu-
lation of soil organic carbon (SOC) in the soil
surface layer. Levels of SOC in high productivity
areas varied in wide range from low (18.45 g/kg?)
to high (58.32 g/kg?) (Table 3).

Table 3. Chemical characteristics of the studied soils.

Sample REREESS | TNC P;05 | KO | Exch. Ca | Exch. Mg | Exch. K | Exch. Na | CEC | BS
mfri?bter (H0) | g/kg! /N mg/100 g cmol(+) kgt %
1 63 [51.00[4.292] 12 [ 636 [551 ] 19.05 26.13 117 004 [2613] 99
2 73 [1613[1.859| 9 [23.86]401| 2741 31.33 0.72 015 |31.33]100
3 6.6 5832|6742 9 [212 [413] 4071 44.27 0.59 0.03 | 44.27 100
4 68 [2519]2578] 10 [ 523 [39.8| 14.68 17.90 0.90 001 |17.90 [ 100
5 72 135193710 9 [25.00]673| 3583 38.93 1.43 0.03 |38.93 100
6 74 [41.06[4.040] 10 [ 152 [33.7] 3886 41.88 0.65 0.02 |41.88]100
7 65 [18.00[1.918] 9 [ 136 [58.0| 16.86 22.29 1.61 002 [2229] 95
8 62 [40.05[4267] 9 [ 258 [333] 37.06 40.39 0.65 0.06 4039 97
9 72 6694|7572 9 [ 568 [81.7] 39.35 47 46 2.66 0.02 | 4746100
10 58 [2044 (1549 13 [ 167 [154 | 7.09 13.86 0.41 002 |13.86] 84
11 71 4225|5366 8 [23.44[763| 39.60 44.21 2,50 0.02 | 44.21[100
12 76 48734740 10 [3.90 [19.6 | 39.85 47.41 0.55 002 |47.41[100
13 73 [18.45[1.802] 10 [ 1.80 [145]| 19.95 21.67 0.43 0.02 | 21.67[100
14 74 [28.06]3.295] 9 [1.95[253] 2951 36.52 0.73 0.02 |36.52 100
15 73 134973304 11 [21.10[56.4 | 3228 36.03 1.58 0.02 |36.03 [ 100
16 71 29553237 9 [ 406 [353] 2687 31.91 0.83 0.09 [31.91]100
17 7 [1869]2009] 9 [ 140 [256] 15.08 17.99 0.63 0.06 [17.99 [ 100
18 74 [4315[3542] 12 [14.84[364 | 2976 33.63 0.90 025 |33.63[100
19 73 [2484[3111] 8 [ 500 [434| 23.44 25.97 1.06 001 2597100
20 62 [30.00[2910] 10 [ 563 [31.3]| 23.63 27.96 0.74 004 |27.96] 97
21 63 [2112]2388] 9 [ 266 [226]| 2414 29.01 0.43 003 [29.01] 97
22 68 [2955[2760] 11 [ 3.67 [203]| 23.76 2851 0.43 034 |2851] 99

Note: * SOC - Soil Organic Carbon, TNC - Total Nitrogen Content, CEC - Cation Exchange Capacity and BS

- Base Saturation.

The average value of SOC in these soils was
37.57 g/kg, which is assessed as moderate (Van-
mechelen et al. 1997). The same applies to soils
with moderate and low productivity. Several stu-
dies (Hilszczanska et al., 2019; Bragato et al., 2022)
reported similar results for the SOC in soils of the
summer truffle areas.

The obtained data for C/N ratio in the stu-
died soils was low (around 10) and corresponds to

other studies on this topic (Garcia-Montero et al.,
2008; Hilszczanska & Sierota, 2010). In high pro-
ductivity areas, soil had an average C/N ratio of
10, which is assessed as very low (Vanmechelen et
al., 1997) and indicates a very fast decomposition
of soil organic matter and release of nitrogen in the
soil. It should be noted that the total nitrogen
content (TNC) was assessed as high (3.11 g/kg)
to very high (6.74 g/kg?). An exception was the
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soil in sample plot 13, where TNC was assessed as
moderate (Vanmechelen et al., 1997).

In the study of Hilszczanska & Sierota (2010)
it was found that low phosphorus concentration
and a high Ca/Mg ratio were favourable for the
development of T. aestivum mycorrhizae. We have
obtained similar results. In the most productive
truffle sample plots, the average values of Ca/Mg
ratio were 14. With the decrease of the amount of
Tuber aestivum fruiting bodies, Ca/Mg ratio also
decreases. It reaches average values of 10 in soils
with average truffle productivity and in soils with
low productivity it was 8. These results indicate
that summer truffle prefers soils, in which exchan-
geable calcium predominates over exchangeable
magnesium in the soil.

In all sample plots the K/Mg ratio in the soils
was below one, which indicates that the uptake of
magnesium was not negatively affected. No rela-
tionship was found between momentary fruiting
body productivity and the amount of available
phosphorus and potassium in the soil.

The obtained results in the most productive
truffle areas suggested that black truffles preferred
soils with average values of CEC above 30 cmol
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(+).kg?. All the soil samples were saturated with
bases. Base saturation of the soil in most produc-
tive areas varied in narrow range between 97%
and 100%, which indicates that summer truffle
fruiting bodies highly depend on saturation of soil.

Soil moisture

Soil moisture is one of the most important
factors for developing ascomata of summer truffles
and it has had a significant impact on their pro-
ductivity. It is well known fact that soil moisture
is mostly influenced by season, soil organic matter
and soil texture. We have obtained data for the
main hydrological properties of the soil in the stu-
died truffle areas, which are presented in Table 4.

In the most productive truffle areas it was
established that the average value of total water
capacity of the soils is very high - 79% and the
field capacity is 46%. The results obtained corres-
pond to the research of Ponce et al. (2014), which
pointed out that fructification of black truffles
highly depend on soil water content. It should be
noted that the average value of water holding
capacity of the soil in most productive truffle areas
was 31%, and in low productive areas it was 23%.

Table 4. Soil hydrological properties.

Sample plot Total wgter Flek.i Soil moisture Wilting point Water holding capacity
capacity capacity
number %
1 69 39 10 13 26
2 53 33 10 14 20
3 92 59 15 21 38
4 61 34 6 8 26
5 74 46 13 17 29
6 83 44 14 19 26
7 57 29 11 15 14
8 91 56 14 19 37
9 98 54 17 22 32
10 80 40 4 5 35
11 82 44 16 22 22
12 76 36 10 14 22
13 92 50 7 9 41
14 73 37 11 15 22
15 62 34 12 16 18
16 60 35 11 14 20
17 81 49 6 9 40
18 89 45 11 14 30
19 68 36 9 12 24
20 69 35 12 15 19
21 83 40 12 17 23
22 69 30 11 15 14
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Conclusions

In conclusion the most productive summer
truffle areas have several soil characteristics in
common - they are with good to excellent struc-
ture, soil reaction is slightly acidic to slightly
alkaline, with moderately fine texture, rich in SOC
and well stocked with total nitrogen. In our study,
we established that summer truffles prefer soils
with very low C/N ratio, which are highly satura-
ted with bases. The most productive truffle areas
were characterized by the very high values of CEC
and an average value of water holding capacity of
31%.
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