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Abstract Virgin forests are considered valuable reference areas for studying
forest ecosystem structures and functions as they have been naturally grown with
no human interventions. In the Mediterranean region there are few such areas and
even scarcer data on deadwood which is a key element for multi-functional forest
management. Data regarding the amount and variety of standing and lying deadwood
were recorded in the core zones of the Frakto virgin forest in the central Rodopi
Mountains in eight square plots of 0.25 ha each. The average deadwood volume
accounted for 175.71 m® ha! with lying deadwood consisting mainly of conifers and
representing over 60% of the total deadwood. The deadwood distribution showed a
decreasing trend towards larger size classes while in terms of quality deadwood it
was represented by all stages of decay, thus showing high variability. The research
outcomes contribute to knowledge standards when adopting management regimes

in mixed beech forests aiming at sustainable forest ecosystem management.
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Introduction

Deadwood has a vital role in sustainable forest
ecosystem management. It is a key element for
enriching biodiversity in forest ecosystems as it
provides habitats and food for many epiphytic
and epixylic species including bryophytes,
lichens and vascular plants (Dittrich et al.
2014, Staniaszek-Kik et al. 2019), vertebrates
(Redolfi De Zan et al. 2017, Moreira-Arce et
al. 2021, Tonescu et al. 2024) and invertebrates
(Bloszyk et al. 2021, Parisi et al. 2021). Also,
the presence of deadwood in forest ecosystems
increases their productivity (Marra & Edmonds
1994) and enhances their natural regeneration
by facilitating the establishment of the tree
seedlings (Jezek 2004, Zielonka 2006, Orman
& Szewczyk 2015), while the lying deadwood
prevents soil erosion and surface water runoff
(Stevens 1997, Kraigher et al. 2002) and
provides effective protection from falling rocks
and avalanches (Kupferschmidt et al. 2003).
Deadwood  constitutes an  important
component of carbon storage and therefore the
availability and structure of deadwood has also
been discussed with regard to its contribution
to carbon storage (Pregitzer & Euskirchen
2004). All size classes of decaying wood
pieces contribute to long-term organic matter
accumulation, because the lignin and humus
of well-decayed wood are high in carbon
content (Maser et al. 1988). However, the most
important elements for carbon storage are the
coarse woody debris (Paletto et al. 2014), since
these act as a long-term carbon reservoir, until
the decomposition process is completed. This
process in particular may extend up to 1000 years
in exceptional cases (Feller 2003), depending
on the wood characteristics, the climate and
the location on the ground (Merganicova &
Merganic 2010). Biomass accumulations over
long periods of time contribute to high levels
of carbon storage, thus rendering virgin forests
very important in relation to the global carbon
cycle and climate change mitigation (Pregitzer
& Euskirchen 2004).
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Apart from the ecological importance of
deadwood its recreational value has also been
pointed out in the framework of multifunctional
forest management (Edwards 2012, Pastorella et
al. 2016). Tourists’ perceptions and preferences
have shown a tendency towards forests
with a high level of naturalness, which was
characterized by the presence of both standing
and lying deadwood (Pastorella et al. 2016).

For the reasons described previously the
quantity of deadwood expressed as the volume
of standing and lying deadwood for different
forest types has been included as a key indicator
in the high-level policy framework of the Pan-
European Indicators for Sustainable Forest
Management (MCPFE 2003) under Criterion
4, concerning “Maintenance, conservation
and appropriate enhancement of biological
diversity in forest ecosystems”.

The presence of deadwood constitutes a
structural indicator which defines the level of
naturalness in forest ecosystems (Rahman et al.
2008, Laarmann et al. 2009, Winter et al. 2010).
It provides information on the intensity of past
human influences and the extent to which they
resemble virgin forests (Stokland 2001, Woodall
& Nagel 2006). However, for the proper use of
deadwood as an indicator for sustainable forest
management, reference values attributed to the
natural state are required. Such reference values
can be derived from natural unmanaged forests
also called virgin forests (Hahn & Christensen
2004, Humphrey et al. 2004), although such
areas are rather rare (Peterken 1996, Diaci 1999,
Sabatini et al. 2018). In Europe, for example,
only a few scattered remnants of virgin forests
have survived in mountainous areas mainly in
the geographical areas of the Carpathians, the
Balkans and the Alps (Leibundgut 1982, Prusa
1985, Korpel 1995, Diaci 1999, Brindli &
Dowhanytsch 2003, Parviainen 2005, Hamor
et al. 2008), most probably because these areas
suffered minimal impacts from human activities
that favoured their conservation status well
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before their nomination as protected areas.
Therefore, deadwood studies in these types of
forests are very important, because they can
provide a better baseline for studying natural
deadwood availability and structure levels
(Korpel 1995, Standovar & Kenderes 2003).

Based on the records of the ‘“Ancient
high conservation value forest (A-HCVF)”
program, which was implemented by WWF
France and aimed at identifying potential
sites of ancient forests in the Mediterranean
ecoregion, they comprise less than 1% of the
total area of the ecoregion (Mansourian et al.
2013). Specifically in Greece only one such
area has been recorded through this program,
the Frakto virgin forest (Mansourian et al.
2013). Considering the scarcity of this type of
forests and the limited studies on deadwood
attributes of mixed beech-conifer forests, the
current research aims to fill this gap by:

i. analysing the deadwood profile of the
strictly protected Frakto virgin forest through
its quantitative and qualitative characteristics
and comparing it with those of other mixed
beech-fir-spruce virgin forests of Central and
Southeastern Europe;

ii. identifying the deadwood diameter
distribution functions, so as to obtain reference
values for naturalness that help define
appropriate regimes for multifunctional forest
management.

Figure 1 Location map of the study area and plot distribution.
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Materials and Methods
Study area

The Frakto virgin forest located in the
northeastern part of the Rodopi Mountain
Range National Park, central Rodopi
Mountains, Greece has served as the study area
for the current research (Figure 1). The forest
occupies 589.25 ha and it was designated as
Preserved Monument of Nature by national
legislation in 1980, following decades of
banning any human intervention but scientific
research. The altitude of the area ranges from
approximately 1500 to 1953 m, the mean
annual temperature is 11.4°C, while the mean
annual precipitation around 694 mm.

The deadwood in the current research included
the standing deadwood which comprises standing
dead trees and fragmented dead trees (snags), the
stumps and the lying deadwood or logs, referred
to as Coarse Woody Debris (CWD). A full census
of CWD on the fixed-area plot (quadrat) was
conducted. In each plot, dead standing trees and
snags with diameter at breast height (dbh) at least
5cmand heightat least 1.3 m were recorded as list.
The category of stumps included all the naturally
formed stumps of height less than 1.3 m, since
in the study area no management practices are
allowed. Downed log records included the fallen
pieces of stem or branch with diameter at least 10
cm at the lower end of the log (Hochbichler et al.
2000, IPCC 2003), and length at least 2 m.
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Table 1 Decay stages of logs, snags and stumps in the Frakto virgin forest, Greece.

Decay stage Log characteristics

Snag characteristics Stump characteristics

bark fully intact, small branches

1 present, round form, wood texture
preserved, log raised on a support
point;

bark intact, small branches

b present, round form, wood texture
well preserved, log elevated on
support point;

some bark remaining, no twigs,

3 round shape, wood firm, texture
with large fragments, log sagging
close to the ground

bark completely absent, no twigs,

4 shape from round to oval, woo
firm, texture blocky, entire log
resting on the ground

bark absent, no twigs, oval shape,
5 wood soft and powdery texture,
entire log on the ground

standing dead tree with
bark and most branches
still attached, wood
remains firm;

bark intact, wood
remains solid

. bark nearly fully intact
dead tree with few branches y uryl >
remaining and loose bark, Omea"(‘{md ﬁ(rim, inner
wood still irm wood decayed, texture

includes large pieces

partial bark remaining,
decay spread
throughout most of the
stump, blocky texture

bark absent, no twigs,
wood firm

no bark, no twigs, wood
ranging from firm to soft
(soft sapwood < 70%)

back, wood soft and
powdery

no bark, no twigs, wood
ranging from firm to soft -
(soft sapwood > 70%).

For the dead standing trees and snags the
height and diameter at breast height of those
higher than 1.3 m, were measured. In the
case of lying deadwood, measurements of its
total length and diameter were taken at 1/2
of its length, whereas for the stumps only the
diameter at 0.3 m of height was measured.

The decay stage of the logs and standing
deadwood was classified according to a five-
class system (Motta et al. 2006, Castagneri et
al. 2010) while that of the stumps according to a
four-class system (Motta et al. 2006) (Table 1).

Data analysis

The standing dead tree volume of fir and spruce
was calculated according to the local yield
tables of the Forest Service of Drama using
breast height diameter and total height (Drama
Forest District Office 1974) in concordance
with that of living trees, while that of beech,
according to the two-parameter (DBH, height)
equation derived by Raptis et al. (2020). The
volume of the broken snags was estimated in
analogy to a frustum of a cone (Motta et al.
2006, Castagneri et al. 2010) while the volume
of the stumps was determined in analogy to the
volume of a cylinder of height equal to 0.3 m
(Merganicova & Merganic 2010). The volume
of the lying deadwood (logs) was calculated
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according to the volume of a second-degree

paraboloid using the Huber’s formula (Rahman

et al. 2008, Merganicova & Merganic 2010):
v=h*g 12 ()

where v the volume of the log in m’, A
the length of the log in m and g, , the cross-
sectional area at 1/2 length of the log in m?.

The total volume of the coarse woody debris
was determined as the sum of the volumes of
standing deadwood, logs and stumps.

The deadwood diameter distribution was fit to
several theoretical functions in order to test the
goodness-of-fit. The theoretical functions were
selected among those published as describing better
the diameter distributions in old growth forests
presenting an uneven-aged structure (Chivulescu et
al. 2020). Thus, the Lognormal, Gamma, Weibull
and Exponential probability distributions were
chosen for the goodness-of-fit tests to the deadwood
diameter distribution of the Frakto virgin forest.

The probability density function for the
lognormal distribution is given by equation (2):

exp [_ % (ln(x) - H)z

[
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where x the mean of the diameter class (x>0)
in centimeters, m=3.1416, u the location
parameter, ¢ the scale parameter.
The corresponding function for the 2-parameter
Gamma distribution is presented by equation 3:
X
xa—l e B
Ber (@)

forx>0,04>0,0>0.

S = (€))

where o the shape parameter,  the scale
parameter and I'(0) the gamma function given
by equation 4.
r'(a)= fooo tte~tde
“)

The density function for the 2-parameter
Weibull distribution is shown by equation 5:

-G ()] o

where f the scale parameter and y the
shape parameter, with y>0. The cumulative
distribution function (CDF) for the Weibull
(2P) distribution, which facilitates the
estimation of the proportion of deadwood
items in diameter classes, is:

F(x) =1—exp [— (%)a] (6)

where x, a and f# as described above.
The function for the Exponential distribution
is shown by equation 7:

F(x) = le™ (7

where 4 the scale parameter.

The maximum likelihood estimation (MLE)
was used in order to estimate the model
parameters while the goodness of fit was
checked by using the Kolmogorov—Smirnov
(KS), the Anderson—Darling (AD) and the
Cramer-von Mises (CvM) test (D'Agostino
& Stephens 1986). A significant level of a =
0.05 was used. Three tests were used to check
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the goodness of fit as each one of them alone
highlights another aspect of the goodness of fit.
Thus, the combined application of the three tests
ensures finding the best fitting performance of
the distributions to meet various requirements
of goodness of fit providing therefore a
comprehensive evaluation.

The KS, the AD and the CvM tests were
calculated with the following functions 8, 9 and 10:

KS = max{D*,D"} )]

1
where  D* =max;—; ., (; -F)

i—1
and D~ = max;—, _,(F; — T)

,,,,,

AD = _n_z(zl- - 1)M 9)

n

(10)

= {Fi (- 0.5)}2

where F; £ F(x;), with F the fitted cumulative
distribution function, F,, the empirical
distribution function, x; the n observations of
a continuous variable X in ascending order.
The lower the value of the tests, the better the
fit. Two goodness-of-fit criteria, the Akaike
Information Criterion (AIC) and the Bayesian
Information Criterion (BIC) were also used for
the comparison of the models. The statistical
analysis regarding the distribution parameters
and the goodness-of-fit test was performed
using the fitdistrplus R package (Delignette-
Muller & Dutang 2015) from R software.

Results

Deadwood quantity

The mean CWD volume was calculated
equal to 175.71 m?® ha'' reaching 31.0% of the
total volume of the living trees. The volume of
logs made up 65.3% of the total CWD volume
exceeding that of standing deadwood (32.1%)
and stumps (2.6%).
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Figure 2 Distribution of all deadwood pieces sampled
on all plots (2 ha) by diameter class (cm).

Regarding the classification of tree species
an additional category of “not specified”
deadwood was added as it was difficult with
no considerable error to identify deadwood
mostly in the advanced decay classes.
However, the deadwood consisted mainly of
conifers. In terms of volume, Norway spruce
was dominant in the snags while the stumps
originated mainly from beech.

The mean density of snags was 80 trees
ha! with beech accounting for 48 trees ha’
corresponding to 60.0% of the snags followed
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by spruce (27.5%) and fir (12.5%). Despite
their greater abundance the beech snags were
mostly concentrated at small diameters < 20
cm (85.0%) while conifers presented a more
uniform distribution. Snags were dominating
in small diameter classes while logs were also
concentrated mostly in smaller sizes with over
90.0% found in diameter classes up to 50 cm.
Stumps were almost equally distributed, being
also present in the largest diameter classes
(diameter > 100 cm) (Figure 2).

The diameter distribution for the standing
and lying deadwood of the Frakto virgin forest
with the fitted curves of the four models,
Lognormal, Gamma, Weibull and Exponential
are shown in Figure 3, while the corresponding
probability distributions are shown in Table 3.

Goodness-of-fit ~ statistics and criteria
that the Lognormal probability
distribution described better the distribution
of standing as well as lying deadwood
followed by the Weibull distribution as far
as standing deadwood is concerned and the
Gamma distribution for lying deadwood. The
exponential distribution showed the lowest
fit performance for both standing and lying
deadwood in the Frakto virgin forest.

showed

Table 2 Deadwood volume (total, lying and standing dead wood) and number of snags per species (mean +
standard error, minimum, maximum, median and range values) in the Frakto virgin forest, Greece.

CWD parts Beech Silver fir Norway spruce Not specified  Total deadwood

Snags 13.79+3.46 13.11+6.54  29.34+9.93 026+0.26  56.50+8.28

min-max  1.64-31.10  0.00-45.33 1.56-77.93 0.00-2.11 19.89-95.97
Volume Logs 23.65+6.22 18.00+£11.37 12.51+12.51 60.56+18.62 114.72 +18.45
(m? ha? min-max  2.12-60.52  0.00-90.21 0.00-100.09 11.99-171.87  43.27-200.11

gg;?wood 39.49+4.60 31.86+17.05 42.00+1832 62.36+19.23 175.71+19.34

min-max  20.30-62.16 0.00-130.10  1.56-151.87 12.49-174.30  91.01-265.14
Density Snags 48+9.83 10+3.46 22+733 - 80+ 13.73
(Nha')  min-max 12100 0-24 0-24 - 40-132

8
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Table 3 Parameters and statistics of probability distribution fitted for standing and lying deadwood in the
Frakto virgin forest, Greece.

Distribution Parameters (St. error) Goodness-of-fit Goodness of fit

statistics criteria
o B v A c u KS AD CVM AIC BIC
Standing
deadwood
0.79 2.71
Lognormal - - - - (0.04) (0.06) 0.13 436 0.69770 1249.0 1255.1
1.59  0.075
Gamma (0.16) (0.01) - - - 0.17 7.75 137 1283.9 1290.1
. 22.83 1.20
Weibull - (1.60) (0.07) - - 0.16 7.50 1.29 1293.1 1299.2
Exponential - - - 0.05 - 021 7.80 1.23 1300.3 1303.4
P (0.00) . . . . .
Lying
deadwood
0.72 2.89
Lognormal - - - - (0.02) (0.03) 0.09 594 0.89 54049 54139
2.12  0.09
Gamma ©.11) (0.01) - - - 0.10 825 1.23 54554 54644
. 25.72  1.46
Weibull - 0.72) (0.04) - - - 0.10 9.02 1.23 5494.0 5503.1
Exponential - - - 0.04 - 0.22 31.36 4.69 5633.8 5638.3
p (0.00) . . . . .
Standing volume Lying volume
3
3 —— Weibull oS —— Weibull
= lognormal lognormal
= gamma = gamma
2 « . exponential 2 S exponential
o ©S o o
8 == 8 .
=] f T T 1 o M T T | T \
20 40 60 80 20 40 60 80 100 120
Diameter (cm) Diameter (cm)
Figure 3 Fitted curves of probability density functions for standing and lying deadwood.
Deadwood quantity CWD. While almost half of the snags (49.1%)

were found in class 3, stumps and logs showed
1 o
classes were represented, but deadwood was a more advanced decay representing 47.4%

classified mostly in the most decayed class @nd 62.4% in classes 5 and 4 respectively.
(34.3%) followed by classes 3 (26.2%), 2 Thus, highly decayed deadwood comprised
(20.2%), 4 (15.9%) and 1 which represented the largest proportion of the lying and total
forest, Greece only 3.4% of the total volume of ~ deadwood.

In terms of the deadwood quality all decay
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Table 4 Deadwood volume of snags, logs, stumps by species and decay classes (m? ha!') in the Frakto virgin.

Decay class 1 2 3 4 5 z(e)tall |
?;i?i‘f;g deadwood < <) L300 12.57+6.60 27.76+5.84 478+ 1.64 587444  56.50=8.28
Beech 337+274 1.57+1.07 6.35+243 243+092 0.07+0.05 13.79 +£3.46
Silver fir 0.37+0.37 223+1.63 5.02+3.60 150 £1.45 3.99+3.99 13.11 £6.54
Norway spruce 1.74+ 133 8.75+6.93 1629+£6.76 0.75+0.54 1.81+136 29.34+9.93
Not specified 0.04 £0.04 0.02+0.02 0.10£0.10 0.10+0.10 O 0.26 +0.26
Logs (m*ha'") 0.53+£0.40 22.79+5.08 16.65+4.26 20.38 +£7.93 5437+7.49 114,72+8.76
Beech 034+0.26 6.14+2.17 537+243 3.06+1.00 8.75+3.38 23.65+6.22
Silver fir 0 475+4.22 339+1.97 254+1.89 7.32+4.56 18.00 + 11.37
Norway spruce 0 277277 091+091 2.17+£2.17 6.65=+6.65 12.51 £12.51
Not specified 0.19+£0.14 9.13+3.33 6.98+3.29 12.61+7.92 31.65+7.43 60.56+18.62
Stumps (m*ha) 0 0.08+0.08 1.61+1.60 2.80+126 - 4.49 +0.67
Beech 0 0 1.60+1.60 045+043 - 2.05+1.49
Silver fir 0 0 0 0.75+0.21 - 0.75+0.55
Norway spruce 0 0.08+0.08 O 0.07+0.07 - 0.15+0.09
Not specified 0 0 0.01+0.01 1.53+0.87 - 1.54+0.82
Total deadwood 6.05+3.10 3544 +6.36 46.02+6.12 27.96+7.68 60.24 +10.68 175.71 +9.07
Beech 371£2.69 7.71+2.57 1332+324 594+125 8.82+342 39.49 + 4.60
Silver fir 0.37+0.37 698+4.65 841+544 479+345 11.31+6.45 31.86+17.05
Norway spruce 1.74 +£1.33 11.60 17.20+£7.36 2.99+2.28 846+6.53 42.00+18.32
Not specified 023+0.15 9.15+3.34 7.09+3.34 1424+8.03 31.65+7.43 62.36+19.12
Discussion forests, specifically in the western Carpathians

The average deadwood which was estimated
in the current research was 175.71 + 19.34 m?/
ha. The findings of the current research are
consistent with those of an earlier study in the
Frakto virgin forest carried out by Grigoriadis et
al. (2012), who estimated the overall deadwood
quantity between a range of 52.8 to 226.1 m’/ha
based on measurements from 5 plots.

The estimated values of the current research
also lie within the value range reported for
other mixed beech-conifer (spruce-fir) virgin
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and the Dinaric Alps, varying between 91 and
420 m3/ha (Saniga & Schiitz 2001, Nagel &
Diaci 2006, Paluch 2007, Holeksa et al. 2009,
Kral et al. 2010, Motta et al. 2011, 2015;
Kucbel et al. 2012, Keren & Diaci 2018).

Moreover, the proportion of deadwood to the
total volume of living trees reached 31.0 =
9.9% and is at the same level as the average of
36.0 = 21.0%, which resulted from the study
of Christensen et al. (2005) in the 16 reserves
of mixed beech forests, including virgin beech-
spruce-fir forests. Motta et al. (2011, 2024)
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reported a much higher deadwood volume
(383 m*/ha) in the Lom forest reserve as well as
other sites in Bosnia-Herzegovina representing
old growth mixed beech-fir-spruce forests.
However, its proportion in relation to the
volume of living trees amounted to similar of
the current research estimates (33.3%).

The average deadwood quantity lies far
above the 13.46 m’/ha value reported for
managed beech stands within the Rodopi
Mountain Range National Park (Kechagioglou
et al. 2022). Although a direct comparison
between pure beech forests and mixed beech—
conifer forests is difficult to attempt, since
spruce and fir have a longer time frame to
decompose (Oheimb et al. 2007), it can still be
noted that beech deadwood (39.49 + 4.60 m®
ha') was found twice as higher in the current
study. Comparisons between managed and
unmanaged forests have shown that managed
forests contain far less deadwood quantities
than unmanaged forests (Odor & Standovar
2002, Keren & Diaci 2018, (Braga et al.
2023). Such variations have been attributed
at a country level in Europe to the different
management regimes that affect accumulation
of the deadwood based on the main European
Forest Inventories (Paletto et al. 2012). At
a local level potential deadwood volume as
well as their qualitative features are probably
being altered due to either timber extraction or
sanitation fellings (Paletto et al. 2012).

The volume of lying deadwood (65.3%) is
greater than the volume of standing dead trees
(32.1%), as it has been observed in other virgin
forests (Motta et al. 2011, 2015; Petritan et al.
2015). The proportion of lying and standing
deadwood is to a large extent determined by
the species composition of the stand as well
as the mortality causes (Bujoczek et al. 2018).
While a high proportion of standing deadwood
is attributed to disturbances, such as insect
outbreaks and fire events, in several studies
(Pedlar et al. 2002, Taylor & MacLean 2007)
this pattern has not been confirmed at a small-
scale disturbance regime. Furthermore, dead
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conifers remain standing for longer periods
of time (Rozenbergar et al. 2003), which can
contribute to a higher representation of standing
deadwood when conifers are present. Low
fall rates have been reported for spruce snags
in a subalpine Norway spruce forest in the
Carpathian Mountains, which referred both to
older and smaller snags (Holeksa et al. 2008).
About 22.5% of dead wood was identified
as of beech origin, 42.0% of the dead wood of
conifer origin, while the remaining 35.5% of
the deadwood it was not possible to determine
in terms of species origin. Prevalence of conifer
deadwood inrelation to deadwood from deciduous
trees has been reported in virgin mountain mixed
forests in the southern Carpathians (Petritan et
al. 2015, Chivulescu et al. 2022) and western
Bosnia (Visnjic et al. 2013). Possible differences
in the degree of decay of beech and conifers are
likely to have influenced the ratio of deadwood
between beech and conifers. Beech species
decompose faster than conifers, which results in
smaller amounts of deadwood in beech compared
to conifers (Rozenbergar et al. 2003). Privétivy
et al. (2017) studied deadwood density and
moisture variation in a natural temperate spruce-
fir-beech forest and concluded that beech had
the shortest total decomposition time (39 years),
followed by fir (58 years) and spruce (86 years).
However, although analyses of deadwood of
beech and spruce in the Apennine Mountains in
Italy showed that the two species have a similar
degree of decomposition (Lombardi et al. 2013),
this is influenced by many factors, such as the
tree mortality as well as the size and position of
the dead standing or lying wood. Beech trees are
often colonized by fungi (Fomes fomentarius)
before necrosis occurs (Muller-Using & Bartsch
2009), which accelerates the decay of beech wood
as compared to conifers, thus leading to under-
representation in the percentage of deadwood.
Also, a possible reason for the faster decay of
beech can be the fact that beech trees usually
break and decompose on the ground, where
the decay processes are more intensive, while
conifers remain standing, which results in the

11
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drying of the wood and slow decay (Rozenbergar
etal. 2003). Additionally, it has been documented
that gymnosperm wood consistently decomposes
slower than angiosperm wood due to clear
divergence in chemical composition and other
wood traits between the two groups (Weedon
et al. 2009). Furthermore, the large proportion
of conifer deadwood may indicate increased
conifer mortality in recent decades, which is
consistent with the declining trend of conifer
participation in various virgin forests of central
and southeastern Europe (Samonil & Vrska 2007,
Diaci etal. 2010, 2011; Ficko et al. 2011, Petritan
et al. 2015). On the other hand, the participation
of beech by 84.0% in the composition of the
overstorey (Papadopoulou et al. 2023) confirms
the long- term predominance of beech.

All degrees of decay were represented,
with the degree of decay 5 prevailing with
34.3%, followed by 3, 2, 4 and 1. Similarly
the deadwood amount recorded in the Sinca
virgin forest in Romania was concentrated in
the most advanced decay classes (Braga et al.
2023). The presence of all degrees of decay
is a characteristic of natural forests, which
in addition to the large volumes of deadwood
(Harmon et al. 1986, Spies & Franklin 1988)
and their co-occurrence indicates deadwood
heterogeneity, as well as abundance of available
ecological niches (Badalamenti et al. 2017).
According to Lachat et al. (2013) the survival
of saproxylic species depends, apart from the
quantity, on quality parameters such as the decay
stage, while the role of deadwood diversity has
been recognized as a far more decisive indicator
rather than the deadwood quantity.

Quantity and quality of deadwood can provide
an insight on the mortality processes and the
disturbance regime of the forest (Castagneri et
al. 2010). Mixed temperate southern European
forests are subject mainly to single tree mortality
or small-scale disturbances with large scale
disturbances being rare (Nagel & Diaci 2006,
Firm et al. 2009, Kenderes et al. 2009). Thus,
the snags appear more abundant in smaller size
classes, as it is shown by the decreasing trend of
the deadwood diameter distribution in the current
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research due to the density-dependent mortality.
On the other hand, the small percentage of recent
deadwood (decomposition grade 1) amounted to
3.0% of the total volume of deadwood, indicating
that large and medium-scale disturbances have
not occurred in the Frakto virgin forest at least
during the last decade.

Implications for sustainable management can be
drawn based either on the size or the volume of
both standing and lying deadwood in unmanaged
forests (Keren & Diaci 2018, Chivulescu et al.
2022). Especially knowledge of the deadwood
diameter structure in forests such as the Frakto
virgin forest can provide reference values
for naturalness regarding standing and lying
deadwood which can serve designing appropriate
management regimes for multifunctional
management as it has also been demonstrated in
recent studies (Keren & Diaci 2018). Furthermore,
the fitting of the diameter distribution to theoretical
distributions can generate a standard to be pursued
in the field towards achieving forest management
sustainability.

Conclusions

Through the current research deadwood volume
in the virgin forest of Frakto was estimated to
175.71 + 19.34 m*/ha, while the proportion of
deadwood to the total living volume 31.0+£9.9%.
Both values lie within the value range reported
for other natural mixed beech-coniferous forests
in Europe and are far higher than those of the
adjacent managed forests.

Deadwood was composed to a great extent
of dead conifer wood which can be attributed
either to the higher decomposition rate of beech
affected also by the size and position of the dead
standing or lying wood as well as possible decline
of conifers in the study area similar to other virgin
forests of central and southeastern Europe.

All degrees of decay were identified with
more advanced decayed wood prevailing,
which indicates deadwood heterogeneity and
availability of ecological niches.

Furthermore, both  quantitative  and
qualitative characteristics showed a small-
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scale disturbance regime as standing deadwood
was mostly concentrated in small diameters
declining towards greater diameter classes,
while fresh deadwood was almost absent.

The decreasing trend of the diameter
structure fitting theoretical distributions such
as the lognormal confirmed this pattern and it
could serve as a standard for adopting suitable
management regimes towards close to nature
forest management.
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