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Abstract: The study deals with long-term dynamics of snags and fallen dead wood from 1970 to 2010 in
an unmanaged forest ecosystem dominated by European beech in the Bazinky area, Krkonose National
Park (Czech Republic). The volume of dead wood was estimated from 1970 separately for fallen dead wood
(logs) and standing dead wood (snags and stumps). Total dead wood volume on permanent research plot
(PRP) 6 increased from 41.9 to 241.6 m? ha'and on PRP 7 from 27.7 to 170.0 m?® ha'l. During 40 year case
study the mean total volume of fallen dead wood was 193.3 m® ha™! (+ 29.8 S.E.) and 96.2 m® ha™! (+ 19.4
S.E.) and the mean total volume of standing dead wood was 17.4 m® ha™ (= 3.4 S.E.) and 12.6 m? ha!
(= 1.4 S.E.) on PRP 6 and PRP 7, respectively. Comparing tree species, the mean volume of fallen dead
wood was significantly higher for Norway spruce than for beech in the decomposition class 1 (F, |, = 5.7,
P = 0.03) and significantly higher for beech in the decomposition classes 4 (F, |, = 20.4, P < 0.001) and
5 (F 1, =25.5, P <0.001). Dead wood was distributed from randomly to aggregated spatial pattern. De-
spite the rapid decay of beech wood, the amounts of deadwood are likely to increase further during the next
decades with continuing disintegration of the forest stand.
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Introduction

ecosystems (Harmon et al. 1986; Bobiec 2002). Dead
wood provides valuable habitats for lichens, bryo-

Dead wood is an important element of forests
both for biodiversity and ecosystem functions (Odor
et al. 2006; Jakoby et al. 2010) and has an impor-
tant impact on the stability and continuity of forest

phytes, fungi, invertebrates, small vertebrates, birds,
and mammals (Humphrey et al. 2004; Siitonen 2001)
and it is also an important component for conserving
carbon stock (Lombardi 2008; Pichler et al. 2013).
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Decaying trees, snags and fallen dead wood are one
of the key elements of natural or near-natural forests
(Prtisa 1985; Korpel 1995; Holeksa 2001; Zielonka
and Niklasson 2001; Krankina et al. 2002; Rouvinen
et al. 2002) supporting higher biodiversity of saprox-
ylic organisms in primary old-growth forests com-
pared to secondary or managed forest stands (Grove
2002; Jankovsky et al. 2004). On the contrary, forest
harvesting and most other conventional silvicultural
interventions do not normally aim to produce large
amounts of dead wood typically found in old-growth
forest. Larrieu et al. (2012) confirmed that manage-
ment of montane beech-fir stands reduces the total
volume of dead wood and the snag volume, modifies
the pattern of decay stages and also reduces the tree
species diversity and the diversity of tree microhabi-
tats. Yet, in the framework of sustainable forest man-
agement, a better knowledge of the factor influencing
the occurrence of dead wood would allow foresters to
adopt scientifically-base practices to preserve biodi-
versity.

The amount of standing and lying dead wood,
number and distribution of tree giants/veterans and
eventually specific microhabitats are closely relat-
ed to the development of forest ecosystem (Meyer
and Schmidt 2011) and are often considered as an
important structural indicator of old-growthness or
naturalness in forests (Lindenmayer and Franklin
2006; Bauhus et al. 2009). In temperate forests for
the development of forest stands the combination
of frequent small-scale events such as mortality and
competition and occasional large-scale disturbances
caused by storms is decisive (Leibundgut 1982; Ko-
rpel 1995; Prtisa 1985; von Oheimb 2007). The big-
gest share of dead wood was found in forest stands
in long-term established forest reserves and also in
mountain areas (Christensen et al. 2005), neverthe-
less dead wood accumulation in man-made forests
left to develop freely is a slow process, mainly in
the absence of major disturbances. Moreover, their
dynamics appeared to be more unidirectional and
successional, rather than cyclical as in virgin forests
(Vandekerkhove et al. 2009).

The necessity of management for certain amounts,
types and dimensions of woody debris in managed
forests is well known (Christensen et al. 2005;
Miiller-Using and Bartsch 2003). The implications
for forest management and biodiversity conservation
were already discussed in several scientific works.
Variable techniques as density cutting, partial cut-
ting and permanent retention of live trees as im-
portant tools of silvicultural approaches to maintain
old-growthness and increase dead wood volumes
attain more and more emphasis in modern forestry
prescriptions and research works (Bebber et al. 2005;
Gotmark 2009; Franklin et al. 2007), nevertheless
there is an urgent need for complementary studies

to supply information from other forest sites and site
conditions.

Previous studies indicate that dead wood volumes
are related to numerous factors such as forest type
(Christensen et al. 2005; Mountford 2002), history
of the particular area, mainly the past forest man-
agement (Castagneri et al. 2010; Von Oheimb et al.
2007), time since establishment of forest reserve
(Christensen et al. 2005; Saniga and Schutz 2001a;
Meyer and Schmidt 2011; Bilek et al. 2011) and nat-
ural disturbance types, development phase and live
standing tree volume (Saniga and Schiitz 2002; Von
Oheimb et al. 2007; Vrska 2001a,b,c; Krej¢i et al.
2013). Nevertheless very little is published about
spatio-temproral dynamics of dead wood in areas
without direct human interventions and the role of
indirect human interventions such as air-pollution
and worsened health status of forest stands.

The aim of this study was to evaluate the long-
term changes of the amount of snags and fallen
dead wood in unmanaged forest stands dominated
by European beech in Bazinky area, National Park
Krkonose (Czech Republic), separately for Norway
spruce (Picea abies /L./ Karst.) and for European
beech (Fagus sylvatica L.) and the spatial pattern of
standing and fallen dead wood. Another aim was
to reveal mutual relationships and the dynamics of
coarse woody debris parameters, living trees density
and foliage and climatic parameters, namely average
annual temperature, annual rainfall and aerial con-
centration of SO,. We hypothesize that the volume
of fallen and standing dead wood is increasing during
the time irrespective of tree species and research plot
and that the total volume of dead wood are closely
related to the health status and development phase
of the parent stand. In the case of European beech
we expect faster decay process compared to Norway
spruce.

Material and methods

Study area

The study area Bazinky was in 1960 declared to
state nature reserve and now belongs to the I. zone
of the Krkonose National Park, Czech Republic. The
protected area covers 33.4 ha of semi-natural forests
at an altitude from 830 to 1 070 m a.s.l. Before 1960
forest harvesting and regeneration on tree-by-tree
basis was only limited to the edge zones of the future
protected area. Last historical records about selective
forest logging in the core zone of the reserve is known
from 1828. The main soil type is mesotrophic Cam-
bisol with higher humus content, in the proximity
of numerous water springs in mosaic with Gleysols
or gley Cambisols. In higher parts Cryptopodsols
are present. Main phytocenological associations are



The dynamics and structure of dead wood in natural spruce-beech forest stand... 23

Table 1. Stand and site characteristics on PRP 6 and 7

Stand PRP 6 PRP 7

Forest site type 751 6S1

Age of tree layer

1970 226/42/20 226/18

2010 185/2 185

Tree species beech spruce beech spruce

Volume (m? ha™')

1970 268 215 404 108

2010 274 112 401 112

Volume (%)

1970 55 45 78 22

2010 71 29 78 22

DBH (cm)

1970 31.5 46.9 40.3 58.1

2010 38.5 52.1 45.7 65.1

Height (m)

1970 21.1 29.7 28.0 345

2010 23.1 29.7 30.2 37.9

Phytocen. association Calamagrosti villosae-Fagetum Calamagrosti villosae-Fagetum

Altitude a.s.] (m) 1060 940

Exposition E E

Slope 22 24

Soil Cryptopodsol Cambisol modal

Parent rock Gneiss, phyllite Gneiss

Geographical coordinates 50243:55: N 50244“04: N
15°3204“ E 15°3221“E

751 Piceeto-Fagetum oligomesotrophicum with Oxalis acetosella; 6S1 Fageto-Piceetum oligomesotrophicum with Oxalis acetosella; Age, Height, DBH

mean values

Calamagrosti villosae-Fagetum, Aceri-Fagetum and Equi-
seto-Abietetum. In the overstorey dominant tree spe-
cies are European beech (Fagus sylvatica) and Norway
spruce (Picea abies), with admixture of sycamore ma-
ple (Acer pseudoplatanus), rowan (Sorbus aucuparia),
silver fir (Abies alba) and Scotch elm (Ulmus glabra).
In 1968 Forest management institute established
two permanent research plots in the locality: PRP 6
- Bazinky 2, area 50x100 m and PRP 7 - Bazinky 1,
area 100x 100 m. Basic characteristics of both plots
are given in Table 1. Both PRP represent autochtho-
nous stands with advanced break-up of the oversto-
rey and abundant natural regeneration in the gaps.

Data collection

Within each permanent research plot (PRP) the
occurrence of dead wood separately for standing
and fallen dead wood was mapped. The volume of
dead wood (diameter at the small end > 7 cm) was
estimated by complete enumerations within the
permanent plots after the methodology of Harmon
et al. (1986); only dead wood originating from the
PRP was measured and evaluated, logs and coarse
woody debris (CWD) lying outside the plot but
originating from trees and snags included in the
plot were also involved in the inventory. Fallen
dead wood originating from stumps and snags from
outside the PRP were omitted. For logs, the length

and diameter of the butt, the small end and the
middle section were measured. For snags the di-
ameter at breast height (dbh) and the height were
measured and for stumps the height and the diam-
eter. Dead wood was classified according to decay
classes (modified after Maser et al. 1998; Spetich
et al. 2002): 1 = wood hard, without marks of de-
composition; 2 = peripheral parts mostly soft, in-
ner section hard (eventually conversely), share of
soft rot less than 40%; 3 = peripheral parts mostly
soft, inner section partially soft (eventually con-
versely), share of soft rot 40-80%; 4 = wood soft,
share of soft rot more than 80%, contour partially
deformed; 5 = wood soft, contour deformed or ab-
sent, wood covered with soil.

The volume of dead wood was estimated sepa-
rately for fallen dead wood (logs) and standing dead
wood (snags and stumps). For logs, Newton’s for-
mula was used (Smelko 2007). For dead standing
trees volume tables of Lesprojekt Ltd. were used,
where the volume of snags is calculated from the dbh
and height. All measurements were repeated every
fifth year from 1970 to 2010 (with the exception of
the first 10-year period) with standard dendromet-
ric methodology (Korf 1972; Smelko 2007). In 2005
and 2010 the horizontal position of all evaluated en-
tities was measured using the technology Field-Map
(IFER-Monitoring and Mapping Solutions Ltd.). For
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snags, the shift from standing to fallen deadwood
was recorded yearly.

Data analyses

The horizontal structure of snags and logs was
tested using spatially explicit Clark-Evans aggrega-
tion index (Clark and Evans 1954), Pielou-Mount-
ford aggregation index (Pielou 1959; Mountford
1961) and Hopkins-Skellam aggregation index (Hop-
kins and Skellam 1954). For the analyses the local
coordinates of standing dead wood and fallen dead
wood were used, for logs we calculated with the
point characterising the middle of the log or of its
part. Aggregated spatial structures are indicated by
asterisk.

All data were log transformed in order to meet the
assumption of normal distribution (tested by Kol-

35

mogorov-Smirnov test); therefore parametric tests
were used for statistical treatment. Volume of stand-
ing dead wood was treated separately, since its dy-
namics is different from fallen dead wood. A series
of Student’s t-tests was used to test separately the
difference in total volume of standing dead wood and
fallen dead wood between research plots, than to test
the difference in total volume of standing dead wood
and fallen dead wood between Norway spruce and
beech on each research plot separately. Finally, we
tested the volume of fallen dead wood on each plot
and for beech and Norway spruce separately; and this
separately for all classes of wood decomposition.

To identify variables that affect the volume of fall-
en dead wood, general linear models were used for
each class of wood decomposition separately. The
categorical predictors in the models were research
plot, tree species, year, and interactions ‘research
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Fig. 1. Dynamics of a) standing dead wood and b) fallen dead wood volume of Norway spruce and beech on permanent

research plots PRP 6 and PRP 7 during 40 years
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plot*tree species’ and ‘tree species* year’. The data
were collected on the same research plots repeatedly,
hence the research plot was put as random factor in
the model. Dependent variables in the models were
the volume of fallen dead wood in relevant class of
woody decomposition.

Unconstrained principal component analysis
(PCA) in Canoco for Windows 4.5 program was used
to analyze relationships among volumes of snags
and fallen dead wood, average diameter at the breast
height of snags, dead and living trees density, and fo-
liage of living and all trees in order to reveal similar-
ity of all records. Climate parameters, namely aver-
age annual temperature, annual rainfall, average and
maximal concentrations of SO, in the air, and time
(40 years of records) were entered as supplementa-
ry variables into the analysis. The methodology of
measurements is described in Schwarz et al. (2009).
Data were log-transformed, centered and normed
before the analysis. The results of the PCA analysis
were visualized in the form of an ordination diagram
constructed by CanoDraw program.

Results

While total dead wood volumes on PRP 6 in-
creased from 41.9 to 241.6 m® ha~'and on PRP 7 from
27.7 to 170.0 m?® ha’}, the dynamics of snag volumes
during the course of 40 years of development showed
rather short-termed growth with following drop back
to initial levels of standing dead wood volumes (Fig.
1). The mean total volume of standing dead wood
from 1970 to 2010 on PRP 6 was 17.4 m® ha! (+ 3.4
S.E.) with maximum in 1990 - 35.5 m? ha™! and on
PRP 6 was 12.6 m® ha! (x 1.4 S.E.) with maximum
in 2000 —21.0 m® ha™'. Dead to live wood volumes ra-
tio was ranged from 7.7 to 62.6% on PRP 6 and from
5.2 to 33.1 % on PRP 7 in 1970 and 2010, respec-
tively. Standing to fallen dead wood volumes ratio on
PRP 6 decreased from 14.1 to 3.6 % and on PRP 7
from 31.4 to 5.3% m3 ha™..

While in 1970 on PRP 6 the volume of fallen dead
wood was only 35.9 m? ha! (21.2 m?® ha™ for beech
and 14.7 m® ha™ for spruce), in 2010 it amounted to
233.2 m® ha! (81.8 m® ha! for beech and 151.4 m?
ha'for spruce). On PRP 7 in the same period the vol-
ume of fallen dead wood increased from 19.1 m? ha™!
to 160.8 m?® ha! (123.3 m? ha' for beech and 37.5
m? ha'! for spruce). The mean total volume of fallen
dead wood was 193.3 m® ha! (+ 29.8 S.E.) and 96.2
m?® ha'! (x 19.4 S.E.) during 40 year period on PRP
6 and PRP 7, respectively. The mean total volume of
fallen dead was across all classes of wood decomposi-
tion consistently higher on PRP 6 than on PRP 7 (for
decomposition classes 1, 3, 4 and 5, P < 0.05) (Fig.
2). There was no difference in the volume of fallen

dead wood between research plots for beech (Stu-
dent’s t = 0.92, df = 78, P = 0.36), the mean volume
of fallen dead wood was 16.1 m? ha™' (+ 1.3 S.E.) and
13.8 m* ha™! (= 2.1 S.E.) on PRP 6 and PRP 7. Beech
however differed in the volume of fallen dead wood
in decomposition classes 4 and 5. For Norway spruce,
the mean volume of fallen dead wood was 22.6 m?
ha! (+ 4.0 S.E.) and 5.4 m® ha! (x 0.8 S.E.) on PRP
6 and PRP 7, respectively (Student’s t = 4.17, df =
78, P < 0.001) and was significantly higher on PRP 6
in all classes of wood decomposition (all P < 0.05).

Comparing tree species, the mean volume of fall-
en dead wood was significantly higher for Norway
spruce than for beech in the decomposition class 1
(F 14 = 5.7, P = 0.03), similar for both species in
the decomposition classes 2 and 3 (P > 0.05), and
significantly higher for beech in the decomposition
classes 4 (F, , = 20.4, P < 0.001) and 5 (F, |, =
25.5, P < 0.001). Total volume of snags was signifi-
cantly higher for Norway spruce than beech on each
PRP (PRP 6: Student’s t = 3.4, df = 14 P = 0.003;
PRP 7: Student’s t = 3.2, df = 14, P = 0.006), but
there was no significant difference between total vol-
ume of snags of each tree species separately between
plots (P > 0.05 for both PRP 6 and PRP 7).

The changes in dynamics of the volume of fallen
dead wood in the course of time was significant in all
wood decomposition classes, except decomposition
class 1 (for decomposition class 1 P = 0.09, other
decomposition classes P < 0.05).

Fallen dead wood on PRP 7 was in years 1970
and 1980 distributed randomly, starting from 1990
the spatial pattern of logs changed toward more and
more aggregated structures (year 2010 CEi 0.803%,
PMi 2.738%*, HSi 0.757%). Logs of beech were in 1970
and 1980 distributed randomly, from 1990 to 2010
in aggregations (year 2010 CEi 0.794*, PMi 2.398%,
HSi 0.739%). Logs of spruce were during the whole
study period distributed randomly, only in 2000 and
2010 Clark-Evans index indicated aggregated spa-
tial pattern (year 2010 CEi 0.692*, PMi 1.857, HSi
0.713). Fallen dead wood on PRP 6 was from 1970
to 2010 distributed randomly, only in 2000 and 2010
Clark-Evans index signified aggregated spatial pat-
tern (year 2010 CEi 0.917*, PMi 1.427, HSi 0.576).
Logs of beech and spruce were both mostly distrib-
uted randomly (year 2010 for spruce CEi 1.019, PMi
1.357, HSi 0.504; year 2010 for beech CEi 1.125, PMi
1.171, HSi 0.440). The only exception were years
1990 and 2000 with Clark-Evans index indicating ag-
gregated spatial pattern.

Standing dead wood on PRP 7 showed mainly ag-
gregated spatial pattern (year 2010 CEi 0.844* and
HSi 0.646*, PMi 1.613). Snags of beech in 1970 and
1990 showed random and in 2000 - 2010 predom-
inantly aggregated spatial pattern (v r. 2010 CEi
0.828*, PMi 1.773, HSi 0.682*). Snags of spruce
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Fig. 2. Dynamics of fallen dead wood volumes of five decay classes of Norway spruce and beech during 40 year on a) PRP
6 and b) PRP 7. Decay classes: 1 = hard wood, without marks of decomposition; 2 = peripheral parts mostly soft, in-
ner section hard, share of soft rot less than 40%; 3 = peripheral parts mostly soft, inner section partially soft, share of
soft rot 40-80%; 4 = wood soft, share of soft rot more than 80%, contour partially deformed; 5 = wood soft, contour

deformed or absent, wood covered with soil

were during the whole observation period distribut-
ed randomly (year 2010 CEi 0.602, PMi 1.601, HSi
0.751). Standing dead wood on PRP 6 was from 1970
to 2010 distributed randomly (year 2010 CEi 0.951,
PMi 1.451, HSi 0.581). Snags of spruce had during
the whole observation period strictly random spatial
pattern (year 2010 CEi 0.685, PMi 1.381, HSi 0.723),
while in the case of beech the spatial pattern was pre-
dominantly aggregated with occasional fluctuations
towards random distribution (year 2010 CEi 0.820%,
PMi 1.487, HSi 0.644*). The horizontal structure of
fallen dead wood in 2010 on PRP 6 and 7 is shown
in Fig. 3.

Results of the PCA analysis are presented in the
form of the ordination diagram on Fig. 4. The first or-
dination axis explained 46%, the first two axes togeth-
er 82% and the first four axes together 95% variabil-
ity of dead wood and living trees data. Together with
supplementary data (climatic parameters and 40 years
of records), the first axis explained 7.5% and the first
two axes together explained 74% of variability of data.
The first axis x represented the tree species and sec-
ond axis y represented the research plot, but also the
development during the course of 40 years since 1970
till 2010. Volume and DBH of snags were positively
correlated to one another and were higher in Norway
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spruce, while density of dead trees was positively cor-
related with the density of living trees and both were
higher in beech. These parameters were independent
from the time. Volume of fallen dead wood and par-
tially density of snags were increasing in the course
of time, while foliage of living and all trees were de-
creasing in the time. The contribution of rainfall, tem-
perature and especially of SO, in the air was relatively
small. The dynamics of parameters in the course of 40
years was remarkable especially for Norway spruce on
the PRP 6 and on the PRP 7, and also for beech on the
PRP 7 as marks of each record are relatively distant
from one another whereas marks for beech on PRP 6
were relatively close together in the diagram.

Discussion

Long term research on beech wood decompo-
sition in Central Europe is rather sparse. In 2010,
50 years after the establishment of the reserve, total
dead wood volume and the dead to live wood ratio
amounted to 241.6 m® ha™! and 62.6% on PRP 6 and
170.0 m® ha™' and 33.1 % on PRP 7. These amounts
and dead wood increment rates were confirmed from
similar condition in European natural and semi-nat-

ural forests (Christensen et al. 2005; Meyer and
Schmidt 2011; Saniga and Schiitz 2001b). In most
reserves, after three decades critical values for restor-
ing the dead wood pool could be reached (Mountford
2002). Saniga and Schiitz (2001a) published results
from long term research in Havesova, Rozok and Ky-
jov beech forest, where maximal levels of dead wood
ranging from 118 to 297 m?® ha~! were reached in the
growing up stage. Study in beech-dominated forests
in northwestern Germany showed that the average
amount of dead wood almost doubled from 9.2 to
17.8 m® ha™! within 10 years (Meyer and Schmidt
2011). Mountford (2002) estimates the develop-
ment cycle of dead wood within 200-300 years with
higher levels of coarse woody debris (CWD) follow-
ing the rapid break-up of old-growth stands. After
these events, the total volume of CWD can reach
high values, as e.g. 550 m3 ha™! in virgin forest in
Pecka, Slovenia (Debeljak 1999). Within this context
Vandekerkhove et al. (2009) pointed out the differ-
ence between the cyclical development of dead wood
pools in virgin forest and unidirectional accumula-
tion in forests recently left unmanaged.

According to Korpel (1995) the volume of dead
wood is closely related to the site and stand charac-
teristics, terrain, age of the forest stand and the past
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and present forest management. Temporal dynamics
of dead wood in unmanaged forests is particular-
ly dependent on the forest ecosystem development
with higher dead wood volumes after the break-up
stage of the particular forest stand. On both plots,
total dead wood volumes mainly in the 1 decay class
steeply increased as result of disintegration of the
overstorey of the parent stand. Less information is
available about the influence of air-pollution with fol-
lowing worsened health status of forest stand on the
accumulation of dead wood volumes (Schwarz et el.
2007). Vacek et al. (2007) reports from the Krkonose
Mts. in altitudes above 1000 a.s.l. a steep increase
of mortality in spruce stands as combined effect of
air-pollution, lower average annual temperature,
shorter vegetation period and more frequent ice and
wind disturbances. Schwarz et al. (2009) has shown

that the dead wood volumes in bilateral biospherical
reserve Krkonose/Karkonosze vary strongly accord-
ing to forest type: highest dead wood volumes were
confirmed in the 8™ vegetation zone; in the Czech
part of the reserve mainly in forest types 8Y (Calama-
grostio villosae-Piceetum typicum), 8F (Calamagrostio vil-
losae-Piceetum filicetosum), 8V (Calamagrostio villosae-Pi-
ceetum filicetosum), 8Q (Calamagrostio villosae-Piceetum
sphagnetosum), 8Z (Calamagrostio villosae-Piceetum
typicum) and 8T (Calamagrostio villosae-Piceetum sphag-
netosum) decreasing in the same order from 25.7 m?
ha'to 14.5 m? ha'l. However, irrespective of different
site conditions, highest dead wood levels are reached
within I. zone of NP (from 30 m? ha'to 450 m® ha™').

In our study on both plots the share of beech on
the live standing tree volume was very similar (71%
on PRP 6 and 78% on PRP 7), there was also no
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difference in mean volume of fallen dead wood for
beech — 16.1 m® ha! (= 1.3 S.E.) and 13.8 m® ha™!
(= 2.1 S.E.) on PRP 6 and PRP 7, respectively. Nev-
ertheless, despite 29% of live standing tree volume
for spruce on PRP 6 the volume of dead wood for
this tree species amounted to 61%. Comparing de-
composition classes, the mean volume of dead wood
was significantly higher for Norway spruce than for
beech in the 1% decomposition class and conversely
significantly higher for beech in the decomposition
classes 4 and 5 on both plots. On PRP 6 this pattern
of dead wood accumulation was further accelerated
due to bark beetle infestation, which substantially
increased the share of spruce in the total dead wood
pool. Moreover Norway spruce produces higher dead
wood volumes than European beech under similar
climatic conditions because of its less pronounced
decomposition rates (Vacek 1982; Korpel 1995; Va-
cek et al. 1994, 1996; Saniga and Schiitz 2001b).
According to different authors (Miiller-Using and
Bartsch 2003; Von Oheimb et al. 2007; Saniga and
Schiitz 2001a) time span for complete decomposition
of a beech trunk is between 30 to 40 years, whereas
the decomposition of most conifers takes some dec-
ades longer (Korpel 1995; Saniga and Schiitz 2001b).
On the contrary Lombardi at al. (2008) showed that
silver fir and beech tend to decompose at the same
rate. Mean time since tree death for beech trees in
central Apennines was 17 years for the first class, 29
years for the second class and 40 years for the third
class. In our study area for beech the duration of the
first decay class was 5-10 years, of the second, third
and fourth decay class equally 5-15 years, and of the
fifth decay class 5-10 years. For spruce the period
of the first decay class is 5-30 years, of the second
and third class 10-25 years, of the fourth decay class
10-30 years and for the fifth decay class 5-25 years.
Climatic and site environmental factors proba-
bly play very important role in decaying process.
Therefore the decay process of beech and spruce logs
among and within localities is highly variable. Aver-
age time for complete decay of beech log was in giv-
en conditions 20-40 years, on water springs 15-25
years. Only two beech logs without direct contact
with the soil surface did not decomposed during the
observation period of 40 years and are still in the
fourth decay class. Only spruce logs and CWD with a
diameter < 35 cm on water-logged sites decomposed
completely after 35-40 years. Complete decay of the
majority of logs and CWD on the remaining sites is
expected after 50-85 years after tree or log fall, with-
out soil contact even up to 85 years. Thus, decay of
beech is two times shorter than that of spruce. Decay
process of lower snags or stumps of beech shaded
by ground vegetation or natural regeneration was by
one fourth up to one half faster than that of logs. In
the case of spruce it was one fourth up to one third.

Even higher variability was observed in the case of
snags: in some cases parts of beech trunks persisted
more than 25 years without apparent marks of decay
process on its surface before they fell to ground, some
of spruce snags even persisted the whole observation
period of 40 years without pronounced decay process.
As noted Lombardi et al. (2008) to understand better
the relation between the time of death and the class
of decay better, the cause of death should be known.
For example, in a Norway spruce killed by bark bee-
tle the main part of the snag remains solid for a long
time with very limited uptake of humidity and thus in
general slower decomposition rates. Opposite situa-
tion may be expected in the case of fungal infestation.

For logs very important role played the moisture
characteristics of the microsite. Faster decay process
was observed on logs with direct contact with the soil
surface. On the contrary, when this contact is ham-
pered by other logs or terrain irregularities, the decay
process is less intensive. Important feature in the lo-
cality is the presence of small spring areas with higher
soil moisture accelerating the decay process of CWD.
This is also truth for logs, which are located in areas
with abundant herb layer, mainly grass species such
as Calamagrostis villosa. Also spruce logs with bark or
rests of bark retain more humidity and therefore decay
faster compared with logs without bark, which is often
the result of previous infestation by Ips typographus.

Conclusions

At present, the amount of dead wood on PRP 6
and 7 are comparable to average dead wood vol-
umes reported from other authors. On both plots,
total dead wood volumes mainly in the 1 decay
class steeply increased as result of disintegration of
the overstorey. The contribution of rainfall, temper-
ature and especially of SO, in the air was relatively
small. Mainly in the second half of the observation
period we see decrease of dead wood volumes in the
15t decay class and general shift from random to ag-
gregated dead wood accumulation. Decomposition
process and subsequent shift into higher decay class-
es continually increased dead wood levels in decay
class 2-4 from 1970 to 2010. Despite generally faster
decay of beech wood compared to spruce wood, the
decay process of both tree species among and within
localities is highly variable as result of heterogeneous
microsite condition.

Acknowledgement

This article was supported by the Internal Grant
Agency (IGA no. B0114 ), Faculty of Forestry and
Wood Sciences, Czech University of Life Sciences
Prague.



30 Stanislav Vacek et al.

References

Bauhus J., Puettmann K., Messier C. 2009. Silvicul-
ture for old-growth attributes. Forest Ecology and
Management 258: 525-537.

Bebber D.P, Cole W.G., Thomas S.C., Balsillie D.,
Duinker P. 2005. Effects of retention harvests on
structure of old-growth Pinus strobus L. stands in
Ontario. Forest Ecology and Management 205:
91-103.

Bilek L., Remes J., Zahradnik D. 2011. Managed vs.
Unmanaged — Structure of Beech Forest Stands
(Fagus sylvatica L.) after 50 Years of Development,
Central Bohemia. Forest Systems 20: 122-138.

Bobiec A. 2002. Living stands and dead wood in the
Bialowieza Forest: suggestions for restoration
management. Forest Ecology and Management
165: 125-140.

Castagneri D., Garbarino M., Berretti R., Motta R.
2010. Site and stand effects on coarse woody de-
bris in montane mixed forests of Eastern Italian
Alps. Forest Ecology and Management 260: 1592—
1598.

Christensen M., Hahn K., Mountford E.P, Odor P,
Standovdr T., Rozenbergar D., Diaci J., Wijdeven
S., Meyer P, Winter S., Vrska T. 2005. Dead wood
in European beech (Fagus sylvatica) forest reserves.
Forest Ecology and Management 210: 267-282.

Clark PJ., Evans EC. 1954. Distance to nearest neigh-
bor as a measure of spatial relationships in popu-
lations. Ecology 35: 445-453.

Debeljak M. 1999. Mrtvo drevje v pragozdu Pecka.
Zbornik Gozdarstva in Lesarstva 59: 5-31.

Franklin J.E, Mitchell R.J., Palik B.J. 2007. Natural
Disturbance and Stand Development Principles
for Ecological Forestry. United States Department
of Agriculture, Northern Research Station, New-
ton Square, PA, Forest Service, General Technical
Report NRS-19.

Gotmark E 2009. Experiments for alternative man-
agement of forest reserves: effects of partial cut-
ting on stem growth and mortality of large oaks.
Canadian Journal of Forest Research 39: 1322-
1330.

Grove S.J. 2002. Saproxylic insect ecology and the
sustainable management of forests. Annual Re-
view of Ecology and Systematics 33: 1-23.

Harmon M.E., Franklin J.E, Swanson E]J., Sollins P,
Gregory S.V,, Lattin J.D., Anderson N.H., Cline
S.P, Aumen N.G., Sedell J.R., Lienkaemper G.W.,
Cromack KJr., Cummins K.-W. 1986. Ecology of
Coarse Woody Debris in Temperate Ecosystems.
Advances in Ecological Research 15: 133-302.

Holeksa J. 2001. Coarse woody debris in a Carpathi-
an subalpine spruce forest. Forstwissenschaftlich-
es Centralblatt 120: 256-270.

Hopkins B., Skellam J.G. 1954. A new method for
determining the type of distribution of plant indi-
viduals. Annals of Botany 18: 213-227.

Humphrey J.W.,, Sippola A.L., Lemperiere G., Dode-
lin B., Alexander K.N.A., Butler J.E. 2004. Dead-
wood as an indicator of biodiversity in Europe-
an forests: from theory to operational guidance.
EFI-Proceedings 51, pp. 193-206.

Jakoby O., Rademacher Ch., Grimm V. 2010. Model-
ling dead wood islands in European beech forests:
how much and how reliably would they provide
dead wood? Europaean Journal of Forest Re-
search. 129: 659-668.

Jankovsky L., Berdnek J., Vdgner A. 2004. Dead wood
and mycoflora in Nature Reserve Polom, protect-
ed landscape area Zelezné hory. Journal of Forest
Science 50: 118-134.

Korf V., Huba¢ K., Smelko S., Wolf J. 1972. Dendro-
metrie. SZN Praha.

Korpel S. 1995. Die Urwilder der Westkarpaten.
Gustav Fischer Verlag, Stuttgart, Jena, New York.

Krankina O.N., Harmon M.E., Kukuev Y.A., Treyfeld
R.E, Kashpor N.N., Kresnov V.G., Skudin V.M.,
Protasov N.A., Yatskov M., Spycher G., Povarov
E.D. 2002. Coarse woody debris in forest regions
of Russia. Canadian Journal of Forest Research
32: 768-778.

Krej¢i E, Vacek S., Bilek L., Mikeska M., Hejcmanovd
P, Vacek Z. 2013. The effects of climatic condi-
tions and forest site types on disintegration rates
in Picea abies occurring at the Modrava Peat Bogs
in the Sumava National Park. Dendrobiology 70:
35-44.

Larrieu L., Cabanettes A., Delarue A. 2012. Impact of
silviculture on dead wood and on the distribution
and frequency of tree microhabitats in montane
beech-fir forests of the Pyrenees. European Jour-
nal of Forest Research 131: 773-786.

Leibundgut H. 1982. Europdische Urwilder der Berg-
stufe. Verlag Paul Haupt, Bern, Schwitzerland and
Stuttgart, Germany.

Lindenmayer D.B., Franklin J.E 2006. General man-
agement principles and a checklist of strategies to
guide forest biodiversity conservation. Biological
Conservation 131: 433-445.

Lombardi E, Lasserre B., Tognetti R., Marchetti
M. 2008. Deadwood in Relation to Stand Man-
agement and Forest Type in Central Apennines
(Molise, Italy). Ecosystems 11: 882-894.

Lombardi E, Cherubini P, Lasserre B., Tognetti R.,
Marchetti M. 2008. Tree rings used to assess
time-since-death of deadwood of different decay
classes in beech and silver fir forests in the cen-
tral Apennines (Molise, Italy). Canadian Journal
of Forest Research 38: 821-833.



The dynamics and structure of dead wood in natural spruce-beech forest stand... 31

Maser C., Tarrant R.E, Trappe J.M., Franklin J.E 1998.
From the forest to the sea: a story of the fallen
trees. General Technical Report, PNW-GTR-229.

Meyer P, Schmidt M. 2011. Accumulation of dead
wood in abandoned beech (Fagus sylvatica L.) for-
ests in northwestern Germany. Forest Ecology
and Management 261: 342-352.

Mountford M.D. 1961. On E. C. Pielou’s index of
non randomness. Journal of Ecology 49: 271-275.

Mountford E.P. 2002. Fallen dead wood levels in the
near-natural beech forest at La Tillaie reserve,
Fontainebleau, France. Forestry 75: 203-208.

Miiller-Using S., Bartsch N. 2003. Totholzdyna-
mik eines Buchenbestandes (Fagus sylvatica L.)
im Solling. Allgemeine Forst u Jagdzeitung 174:
122-130.

Odor P, Heilmann-Clausen J., Christensen M., Aude
E., van Dort K.W,, Piltaver A., Siller 1., Veerkamp
M.T.,, Walleyn R., Standovar T, van Hees A.EM.,
Kosec J., Matocec N., Kraigher H., Grebenc T.
2006. Diversity of dead wood inhabiting fungi
and bryophytes in semi-natural beech forests in
Europe. Biological Conservation 131: 58-71.

Oheimb G., Westphal Ch., Hardtle W. 2007. Diversi-
ty and spatio-temporal dynamics of dead wood in
a temperate near-natural beech forest (Fagus syl-
vatica). European Journal of Forest Research 126:
359-370.

Pielou E.C. 1959. The use of point-to-plant distances
in the study of the pattern of plant populations.
Journal of Ecology 47: 607-613.

Pichler V., Gomoryovd E., Homoldk M., Pichlerova
M., Skierucha W. 2013. Coarse woody debris of
Fagus sylvatica produced a quantitative organic
carbon imprint in an andic soil. Journal of Forest
Research 18: 440-444.

Prtisa E. 1985. Die bohmischen und mihrischen Ur-
wilder — ihre Struktur und Okologie. Verlag der
Tschechoslowakischen Akademie der Wisenschaf-
ten, Praga.

Rouvinen S., Kouki J. 2002. Spatiotemporal availabil-
ity of dead wood in protected old-growth forests:
a case study from boreal forests in Eastern Fin-
land. Scandinavian Journal of Forest Research 17:
317-329.

Saniga M., Schiitz J.P. 2001a. Dynamics of changes in
dead wood share in selected beech virgin forests
in Slovakia within their development cycle. Jour-
nal of Forest Science 47: 557-565.

Saniga M., Schiitz J.P. 2001b. Dynamik des Totholzes
in zwei gemischten Urwildern der Westkarpaten
im pflanzengeographischen Bereich der Tannen
Buchen und der Buchenwilder in verschiedenen
Entwicklungsstadien. Schweizerische Zeitschrift
fur Forstwesen. 152: 407-416.

Saniga M., Schiitz J.P 2002. Relation of dead wood
course within the development cycle of selected

virgin forests in Slovakia. Journal of Forest Sci-
ence 48: 513-528.

Siitonen J. 2001. Forest management, coarse woody
debris and saproxylic organisms: fennoscandian
boreal forests as an example. Ecological Bulletins
49: 11-41.

Spetich A.M., Liechty H.O., Stanturf J.A., Marion
D.A., Luckow K., Meier C.E., Guldin J.M. 2002.
Coarse woody debris of a prerestoration shortleaf
pine-bluestem forest. In: Proceedings of the elev-
enth biennial southern silvicultural research con-
ference. Outcalt, K. W., (ed.). General Technical
Report. SRS-48. Asheville, NC: U.S. Department
of Agriculture, Forest Service, Southern Research
Station.

Schwarz O., HoSek J., Andél P, Hrugka J., Hofmeister
J., Svoboda T., Petrzilka L. 2009. Soubor map at-
mosférické depozice, pfekroceni kritickych zatézi
siry a dusiku pro lesni ekosystémy a liSejnikové
indikace imisni zdtéZe v KRNAP a CHKO Jizerské
hory. Kostelec nad Cernymi lesy, Czech Republic.

Schwarz O., Vacek S., Matéjka K., Ku$ J. 2007. Vyhod-
noceni podilu odumfelého dfeva v lesnich poros-
tech bilaterdlni biosférické rezervace Krkonose/
Karkonosze. [Evaluation of the proportion of dead
wood in forest stands of the bilateral biosphere
reserve Krkonose/Karkonosze]. Opera Corcontica
44: 395-401.

Smelko S. 2007. Dendrometria [Dendrometry]. 2
release. Zvolen: Vydavatelstvo TU Zvolen.

Vacek S. 1982. Ekologické aspekty dekompozice bi-
omasy v autochtonnich ochrannych smr¢indch.
Zpravy lesnického vyzkumu 27: 5-11.

Vacek S., Bastl M., Leps J. 1999. Vegetation changes
in forests of the Krkonose Mts. over a period of
air pollution stress (1980 — 1995). Plant Ecology
143: 1-11.

Vacek S., Chroust L., Soucek J. 1994. Produkéni
analyza autochtonni smrciny. Lesnictvi 40: 457 —
467.

Vacek S., Chroust L., Soucek J. 1996. Produkéni
analyza autochtonnich budin. Lesnictvi, 42: 54—
66.

Vacek S., Matéjka K., Simon J., Malik V., Schwarz W.,
Podrdzsky V., Minx T., Tesaf V., Andél P, Jank-
ovsky L., Mikeska M. 2007. Zdravotni stav a dy-
namika lesnich ekosystém@ Krkono§ pod stresem
vyvolanym zne¢iSténim ovzdusi. Folia Forestalia
Bohemica. Kostelec nad Cernymi lesy, Lesnickd
prace 4: 1-216.

Vrska T., Hort L., Odehnalovd P, Adam D., Horal D.
2001a. Razula virgin forest after 23 years (1972-
1995). Journal of Forest Science 47: 15-38.

Vrska T., Hort L., Odehnalovd P, Adam D., Horal D.
2001b. The Milesice virgin forest after 21 years
(1972-1996). Journal of Forest Science 47: 255-
276.



32 Stanislav Vacek et al.

Vrska T., Hort L., Odehnalovd P, Horal D., Adam D. viously managed oak and beech woodlands in
2001c. The Boubin virgin forest after 24 years North-western and Central Europe. Forest Ecol-
(1972-1996). Journal of Forest Science 47: 439- ogy and Management 258: 425-435.

459. Zielonka T., Niklasson M. 2001. Dynamics of dead

Vandekerkhove K, De Keersmaeker L, Menke N, wood and regeneration pattern in natural spruce
Meyer B, Verschelde P 2009. When nature takes forest in the Tatra Mountains, Poland. Ecology

over from man: dead wood accumulation in pre- bulletins 49: 159-163.



