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Four decades of forest succession in the
oak-dominated forest reserves in Slovakia

Milan Saniga, Miroslav Balanda, Stanislav Kucbel, Jan Pittner

Species composition, production and the recovery processes were analyzed in
three protected areas dominated by natural oak forests in Slovakia over four
decades after the cessation of human impact. In each forest reserve, three
permanent plots of 0.5 ha were established and monitored regularly every 10
years. As expected, a decrease of oaks in all investigated areas was observed,
regardless of the intensity of past human interventions. Growth rates of oak
stem density were negative in all sites ranging from -0.7% yr™ (Kasivarova) to
-2.1% yr' (Bujanov). A typical rotated-sigmoid distribution of tree diameters
was detected over the whole period only for the Boky reserve, while the mo-
derately affected site (KaSivarova) showed a bimodal pattern and the most af-
fected site (Bujanov) showed the typical unimodal distribution. Considering the
spatial diversity, such evidence is consistent with the different intensity of
past human impacts occurred at each site. In Boky, the most diverse structure
was reflected in the highest long-term mean stem density and the lowest basal
area and growing stock. The past-affected sites reached higher values of basic
stand parameters, with the average basal area and the growing stock correl-
ated negatively with the level of structural heterogeneity. A constant increase
of deadwood volume and dead-to-live wood ratio was also observed over the
whole period of investigation. Long-term volume of deadwood and its propor-
tion tended to be higher in the reserves formerly affected by human inteven-
tions. A tendency towards a rotated-sigmoid distribution of diameters was de-
tected for both sites that experienced past human impacts. Considering the
vertical stand structure, the most dynamic changes were observed in the lower
and middle layer. Moreover, the displacement of the light-demanding oaks by
shade-tolerant species (beech, hornbeam) was detected. The intensity of such
substitution directly reflected the intensity of structure modification in the
past. Our results suggest that the process of forest recovery and oak loss signi-
ficantly depends on the level of past human interventions.

Keywords: Oak Decline, Past Human Impact, Recovery, Forest Reserve, Quer-
cus petraea L.

Introduction

Well preserved old-growth oak forests are
quite rare in Europe and are mostly domina-
ted by pedunculate oak (Quercus robur L. -
Korpel 1989, 1995, Smejkal et al. 1995, Par-
viainen et al. 1999). Natural mixed sessile
oak (Quercus petraea L.) forests, as they are
easily accessible and have been intensively
used in the past (Kavuljak 1942, Korpel
1995, Smejkal et al. 1995), have remained
untouched only in a very small area. In the
western Carpathians, the remnants of old-
growth mixed Q. petraea forests occur at in-

termediate and low altitudes (Blattny & Sta-
stny 1959).

Since the second half of the 20" century,
many researchers from almost all European
countries have investigated the symptoms
and course of oak decline (e.g., Oleksyn &
Przybyl 1987, Hartmann et al. 1989, Ragazzi
et al. 1989, Siwecki & Liese 1991, Thomas
et al. 2002). The main goal of these studies
was to identify crucial factors and the trigger
mechanism of such phenomenon. In most
cases, oak dieback was studied in large areas
regardless of stand origin. However, in addi-
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tion to the long-term monitoring, it is neces-
sary to incorporate also the historical back-
ground, when the structure and development
of recent natural forests are analyzed. Such
approach may allow the identification of un-
derlying factors that caused vegetation chan-
ges (Josefsson et al. 2009).

The origin and the future development of
oak forests have been widely discussed, lea-
ding to several opposing theories. According
to the classic high-forest theory (Watt 1925,
Whitmore 1975, Leibundgut 1993, Korpel
1995, Birks 2005), the oak-dominated cli-
max (equilibrium) structure is the final step
of a successional process and represents a
stable adaptation to local environmental con-
ditions (Bohn & Neuhéusl 2000, Halamova
& Saniga 2006). Tree species composition
could be temporarily modified by a small-
scale canopy disturbance, but the ecosystem
will immediately return to the equilibrium by
its own self-regulation processes.

On the other hand, the disturbance theory
(Connell 1978, White & Pickett 1985,
Oliver & Larson 1996) attributes the domin-
ance of light-demanding oak to the impact of
mid- to large-scale disturbances. It considers
the oak-dominated forest to be the mid-stage
of a continuous, but constantly ingressive
process of forest succession leading to the fi-
nal dominance of shade-tolerant species.

According to a third group of theories, the
recent extent of oak-dominated forests in the
temperate zone is most probably the result of
the past human exploitation in favor of oak
(for charcoal and fuelwood production,
cattle pasture) or the impact of large herbi-
vors (Vera 2000).

Evidence from several recent studies sup-
port the last mentioned explanation. Based
on 50-years monitoring of forest reserves,
Brang et al. (2011) and Rohner et al. (2012)
described a trend towards the reduction of
species richness in Switzerland lowland fo-
rests. The light-demanding species promoted
by former human intervention were increa-
singly shaded out after the cessation of forest
management. Petritan et al. (2012) provided
a complex study of the stand structure of na-
tural mixed Q. petraea forest in Runcu-Grosi
(Romania). They conditioned the preserva-
tion of recent proportion of oak by the oc-
currence of either major canopy disturbance
or silvicultural intervention. However, Cow-
ell et al. (2010) pointed at the minor role of
canopy gaps in the development of oak-mi-
xed forest remnants in Dobbs Natural Area
(Indiana, USA) and outlined the parallel
between the current species composition and
historical shift in the light regime due to
grazing. Similarly, Matuszkiewicz (1977),
Jakubowska-Gabara (1996) and Hédl et al.
(2010) argue for the abandonment of forest
exploitation and pasture as the main driving
factor of the secondary succession of ther-
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mophilous oak communities towards the me-

sic forests.

This study focuses on the spatial analysis
of natural succession and structural change
of oak-dominated forests affected by diffe-
rent intensity of human impacts in the past.
In particular, we tried to address the follo-
wing questions:

* Does the nature and intensity of oak de-
cline differ depending upon the intensity of
former human impacts on the stand or is it
a common phenomenon of recent times?

* Can the forest naturalness be inferred from
the current distribution of tree diameters
through its fitting to the rotated sigmoid
function? How could a shift in diameter
distribution in a time span of four decades
reflect the intensity of past interventions?

+ Can structural changes be traced in the ver-
tical structure of the investigated forests?

Material and methods
Model protected areas under different ex-

ploitation regimes in the past were chosen in

the western Carpathians of Slovakia accor-
ding to the following criteria:

+ a minimum area of the forest remnant (pro-
tected area) of 50 ha to secure the condi-
tions for self-development (according to
Biicking 2003);

* a proportion of oak by stand basal area of
at least 90% in the first inventory;

* at least three decades covered by forest in-
ventory campaigns;

* historical records describing the exploita-
tion intensity in the past.

Three National Nature Reserves (NNR)
met the above criteria:

1. The NNR Boky, characterized by the low-
est degree of hemeroby (sensu Hill et al.
2002); an old-growth (pristine) forest, with
no-known human impact. The site is inac-
cessible, and no exploitation has been re-
corded on historical sources.

2.The NNR Kasivarova, a natural forest
(sensu Schuck et al. 1994) located in an
area where traces of past human impacts
are still detectable (some scattered beech
and oak individuals were harvested to pro-
duce charcoal).

3. The NNR Bujanov, an area significantly
affected by human activities, left for self-
development. Before the NNR establish-
ment, forest stands had undergone beech
harvest for railway ties and potash until
1900 (Humenansky 1990). The stands
were under regular silvicultural manage-
ment until the establishment of the protec-
ted area in 1964.

The three reserves have been strictly pro-
tected since 1930 (Kasivarova) or 1964 (Bu-
janov and Boky). The sites are located in the
beech-oak altitudinal zone (Tab. 1) and be-
long to the alliance Carpinion betuli (Jaroli-
mek & Sibik 2008). Parent materials include
andesite and granite, the prevailing soil type
is cambisol. The mean annual temperature
ranges from 7.0 to 8.2 °C and the annual
precipitation from 675 mm (Bujanov) to 750
mm (Kasivarova).

The dataset analyzed has originated from a
45-years (30-years in Boky) long-term re-
search on permanent plots representing va-
rious developmental stages of selected oak-
dominated forests (Korpel 1995). The out-
comes of previous studies on the same data
were published by Korpel (1995), Halamova
& Saniga (2006), Saniga (2005), Tomastik
& Saniga (2011).

In each reserve, three 0.5 ha plots were es-
tablished. On each plot, all living trees,
standing deadwood (snags) and lying dead-
wood (logs) were recorded. The lower size
limit for standing stems was a diameter at
breast height (dbh) of 4 cm. As for downed
deadwood, all logs or log parts with a large-
end diameter > 8 cm were recorded. For each
standing tree, we recorded species, dbh,
height and status (living or dead). Tree spe-
cies, small- and large-end diameter and total
length were measured for the logs.

Dominant height (/:0%) Was computed for
each site as the mean height of the 10%
tallest trees (émelko 2000), and was used to
assign each tree to one of three tree layers
(lower, middle and upper layer) using the
following thresholds: (i) lower layer (trees
with height & < 1/3 hye); (ii) middle layer
(1/3 hiow < h < 2/3 hiow); and (iii) upper layer
h>2/3 hioy.

Tab. 1 - Main environmental characteristics of the three localities selected for this study.

Forest reserve

Characteristics
KaSivarova Boky Bujanov
Latitude [°N] 48°27°59” 48°33°59” 48°52°19”
Longitude [°E] 18°46°28” 19°01°22” 21°03°38”
Years of measurement 1966, 1976, 1986, 1974, 1984, 1994, 1966, 2009
1996, 2011 2004
Altitude [m a.s.] 280-590 480-600 420-760
Bedrock andesite andesite granite
Soil type eutric cambisol eutric cambisol dystric cambisol
Mean temperature [°C] 8.0-8.2 7.5 7.0-7.2
Mean precipitation [mm] 750 720 675
Area of forest reserve [ha] 49.8 176.5 88.2

Forest plant community Carpinion betuli

Carpinion betuli Carpinion betuli

Volume of each tree was calculated accor-
ding to the two-parameter (dbh and height)
equations derived by Petras & Pajtik (1991).
For the determination of the volume of
broken standing deadwood Huber’s formula
was used (Smelko 2000 - eqn. 1):

1

4

V= d12/2hs

where d, is the mid-height diameter and 4,
is the height of the broken snag. The mid-
height diameter was calculated by linear in-
terpolation using the snag dbh and the re-
spective tree height from the stand height
curve.

The downed deadwood volume was com-
puted by Smalian’s formula (Smelko 2000 -
eqn. 2):

T dzj+d i ;
T4
where ds is the small-end diameter, dp the
large-end diameter, and / is the log length.

The diameter structure was analysed by fit-
ting either the negative exponential function,
the single Weibull function (three-parameter
form), or the finite mixture of two Weibull
functions (seven-parameter form) to the em-
pirical diameter distributions. More informa-
tion on the functions used can be found in
Westphal et al. (2006) and Zhang et al.
(2001). The goodness-of-fit was examined
using the likelihood-ratio y” test. All calcula-
tions were performed using the “mixdist”
package of R software (Macdonald & Du
2010, R Development Core Team 2010).

Temporal changes in stem density and ba-
sal area were analyzed by assessing the po-
pulation growth rates (GR) according to
Taylor et al. (2004). In each reserve, growth
rates were calculated for oak and other tree
species using the census data of the first and
the last inventory. Moreover, the same calcu-
lation was performed for oak and other tree
species in each stand layer (eqn. 3):

N, —N,
=£. 4 °1-100
t N,

where , is the stem density (or basal area) at
the time of the last inventory, N, the stem
density (or basal area) at the time of the first
inventory, and ¢ the census interval. Diffe-
rences among the population growth rate
values obtained were tested using the
Kruskal-Wallis test (o = 0.05).

G

Results

Over the whole studied period, the most
differentiated structure was observed in the
reserve with no past human impact (Boky).
Differentiated structure was reflected in the
highest long-term mean stem density (890 +
151 ha') and the lowest basal area and gro-
wing stock in this site (36.5 + 1.4 m? ha™ and
284 +22 m’® ha', respectively - Tab. 2).
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Tab. 2 - Basic stand characteristics (living trees of dbh >4 cm) in the investigated forest reserves.

Reserve/ Boky Kasivarova Bujanov
Parameter
Decade Together Oak % Together Oak % Together Oak %
Stem 1960s - - - 284 +54  239+33 84 +£ 10 414 £ 77 38175 92 +£1
density 1970s 1068 £ 158 945 +42 89+9 300£50 239+41 80+ 10 - - -
(ha™") 1980s 921 £90 799 £ 27 87+ 11 257 £42 227 +£30 88+8 - - -
1990s 867 +120 637+70 74+ 18 199+23 183 +27 92+7 - - -
2000s 703 £ 68 508 £ 36 72+6 703 £229 163 +52 23+ 18 482 + 69 198 £8 41+5
Mean+SD 890+ 151 722+190 80+8 349 +£202 210+35 74+£26 448+48 290+129 67426
Basal area  1960s - - - 43.1+£2.1 423+£26 98+1 425+03 419+05 93 £1
(m?ha')  1970s 351+£53 343+£59 9843 446+23 433+24 97+1 - - -
1980s 38.1+43 37.1+£51 97+1 452+£22 445+25 99+1 - - -
1990s 372439 355+£5.1 95%£5 39.6+£1.7 392+19 99+1 - - -
2000s 355+125 322+134 90+4 38.8+3.3 32.0+32 83+9 454+37 348+1.8 77+ 4
Mean+SD 36.5+14 348+21 95«3 423+£29 403+50 95+6 44.0+2.1 38.4+5.0 88 +8
Growing  1960s - - - 467+83 462+84 99 + 1 484 £28  479+30 99 + 1
stock 1970s 254 £58  252+59 99+ 1 483 £60 474+ 60 98 +2 - - -
(m*ha’)  1980s 307+56 303 +57 99 +2 50890 503 +92 99 +1 - - -
1990s 292 +47 286+ 50 98 +3 457+47 454 +46 99 + 1 - - -
2000s 281+132 266+136 94+3 422+42 381=+44 90 £2 553+37 440+19 80+2
Mean+SD 284 +22 276+22 97 +2 467 + 32 455 +£45 97 +4 518+49 460+ 28 89+ 10

Natural reserves with various levels of past
human impact showed a more homogenous
stand structure, as revealed by a significantly
lower stem density and higher basal area and
growing stock. In the forest most strongly af-
fected in the past (Bujanov) the long-term
mean of basal area was higher by 20% (44.0
+ 2.1 m? ha') and that of growing stock by
83% (518 + 49 m® ha') as compared with the
Boky reserve. The long-term mean of dead-
wood volume (Tab. 3) in the site with past
human impact (Kasivarova) was three times
higher than in the old-growth forest in Boky.
Similarly, the dead-to-live wood ratio in
Kasivarova (28.1 + 15.1%) was nearly two-
fold in comparison to the Boky reserve (15.0
+ 6.1%). In both sites a gradual increase of
deadwood volume as well as its proportion
from growing stock was observed over the
whole period of investigation.

Regarding the temporal changes of basic
stand characteristics, except for continuous
increase of deadwood volume, no significant
trends were observed over the entire study
period. However, since the mid-1980s we re-
corded a gradual decrease of basal area and
growing stock in the Boky and Kasivarova
reserves (a detailed analysis was not possible
in Bujanov). Such decrease was was mode-
rate in Boky and stronger in Kasivarova, ac-
cording to the level of past human impacts
on the forest (Fig. 1).

A continuous decline of oak stem density
was recorded in all studied sites over the en-

vant (from 44.5 to 32.0 m? ha') in the forest
with past human impact (Kasivarova). At the
same time, an increase of basal area and
growing stock was recorded for the other
tree species, especially over the last decade
(Fig. 1). The above patterns were confirmed
also at the research-plot level (see Fig. 2 for
temporal changes in the stand parameters
over the investigated period).

The starting species composition was very
similar in all the investigated sites. At the
time of the first inventory, oaks reached the
highest proportion in terms of stem number
or basal area (Fig. 3). The admixture of the
other tree species varied among the studied
sites. In Boky the admixture consisted of
field maple (Acer campestre), hornbeam
(Carpinus betulus) and wild service tree
(Sorbus torminalis). In KaSivarova the most
important additional tree species were beech
(Fagus sylvatica) and hornbeam. In Bujanov
the only additional tree species was beech.

The stand development over the census
period led to a substantial shift in the tree
species structure. Regardless of the inter-
decadal variation, the recorded structural
changes resulted in a general decline of oak
proportion in all studied reserves (Fig. 3).
The decrease of oak proportion in stem num-

ber was smallest in Boky (from 89% to
72%). The largest decrease over the 45-years
period was observed in Kasivarova, with a
decline from 84% to 23%, while the propor-
tion of hornbeam expanded from 1% to
51%. We also observed a significant increase
of beech by 16% in this site. A similar
change was recorded in Bujanov, where the
share of oak decreased from 92% to 41%
and the share of beech raised from 8% to
58%. Considering the proportions in basal
area, the changes in species composition
were not so apparent. The recruitment of
other tree species reflected in stem numbers
has not yet affected significantly the total
basal area and oak has kept its dominant po-
sition in all investigated reserves. The recor-
ded decrease of oak proportion in basal area
was highest in Bujanov, however, not ex-
ceeding 22% (Fig. 3).

Diameter distributions observed at the be-
ginning of the investigated period differed
strongly among the studied reserves (Fig. 4).
Unlike the old-growth forest Boky showing
a typical rotated-sigmoid diameter distribu-
tion, diameter structures in KaSivarova and
Bujanov showed bimodal patterns with a
distinct dominance of the upper tree layer.
However, over the studied period a conver-

Tab. 3 - Deadwood volume and its proportion from the growing stock for the investigated

forest reserves.

Forest reserve

. . . L. : Years

glree {)ggl(())sd ;)fdleté\rlgzgegzi)t;‘o(t)lz.lkl\/{)c;r:a(ivaerréas1:;(&1: Boky KaSivarova Bujanov Boky KaSivarova Bujanov

growing stock was also observed, yet much Deadwood volume (m*ha™) Dead-to-live wood ratio (%)

more intensive than that recorded for the  1960s - 47+ 18 - - 10+3 -

whole stand (Fig. 1, Tab. 2). At the site with ~ 1970s 17 £ 15 86 + 28 - 76 18+3 -

no past human interventions (Boky) the ba-  1980s 38+19 107 £35 - 12+4 215 -

sal area of oak decreased from 37.1 to 32.2  1990s 52+19 188 +36 - 18+9 41 +£7 -

m? ha'!, whereas oak decline was more rele-  2000s 65+25  212+59 91 +60 23+10 50+ 16 17+9
Mean+SD 43 +21 128 £70 - 15+6 28 £ 15 -
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iForest (2014) 7: 324-332

327 © SISEF http://www.sisef.it/iforest/



gence towards the rotated-sigmoid distribu-
tion was observed in both reserves. Contra-
stingly, the diameter structure kept the ro-
tated-sigmoid form in the old-growth forest
Boky over all the investigated period. Never-
theless, we observed a significant reduction
of lower tree layer density, which can be
mainly accounted for by the mortality of
oaks and their shift into higher dbh classes.
In the KaSivarova reserve, the diameter
structure significantly changed over time.
Although the diameter distribution main-
tained a bimodal shape, hornbeam and beech
density in the lower tree layer largely increa-
sed, which resulted in a typical rotated-sig-
moid form in 2011 (Fig. 4). The diameter
structure of oak shifted from a unimodal
shape with almost all oak stems in the upper
tree layer to a bimodal distribution with
some oak recruitment appearing in the lower
tree layer. The diameter structure in Bujanov
changed markedly (Fig. 4). The unimodally
distributed oak layer with emerging beech in
the lower tree layer in 1966 shifted towards a
distinctively bimodal distribution in 2009.
Currently, the stand is formed by oak in the
upper tree layer and by beech in the middle
and especially in the lower layer.

Structural shifts in species composition
over the studied period disregarding the
short-term (interdecadal) variation were cal-
culated in the form of growth rates of stem
density and basal area. Growth rates of oak
were negative in all reserves, ranging from
-0.7% yr' (Kasivarova) to -2.1% yr' (Buja-
nov) for stem density. The decrease of oak
proportion in basal area was significantly
less intensive and reached values between
-0.2% yr' (Boky) and -0.7% yr" (Kasivaro-
va). At the same time, in all investigated re-
serves we observed an increase of other tree
species both in stem number (from 1.2% yr
in Boky to 2.1% yr" in Bujanov) and basal
area (from 2.0% yr' in KaSivarova to 2.5%
yr' in Boky). Growth rates varied signifi-
cantly among tree layers (Fig. 5). The most
dynamic changes in oak tree number and
basal area were found in the lower layer
(Boky), lower and middle layer (KaSivarova)
and middle layer (Bujanov). In Bujanov, oak
lower layer was virtually absent.

The lower tree layer in Boky showed the
highest oak mortality both in stem number
(-2.7% yr') and basal area (-2.3% yr™' - Fig.
5). Oak stem loss in the middle layer (-0.8%
yr') did not affect basal area, which exhi-
bited even an imperceptible growth. In the
upper layer, oak basal area increased by
0.5% yr'. Considering the dynamics of other
species in the middle and the upper layer, we
observed an increase of both stem number
(19.5% yr' and 20.2% yr, respectively) and
basal area (27.5% yr' and 29.5 % yr, re-
spectively).

An opposite situation was observed in
Kasivarova (Fig. 5). The increase of oak

Past human impact affects forest succession in natural reserves
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Fig. 3 - Tree species structure calculated from the stem density (left) and the basal area
(right) in the investigated forest reserves for the first (green columns) and the last inventory
campaign (red columns).
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Fig. 4 - Empirical and fitted diameter distributions of the investigated oak-dominated forest
reserves. Explanatory notes: red bars - oaks, green bars - other tree species, solid line - distri -
bution predicted by the finite mixture of two Weibull functions. Please note that tree indi-
viduals were grouped into 4 cm diameter classes.
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Fig. 5 - Growth rates of the stem density (A) and the basal area (B) according to respective
tree layers and forest reserves, calculated using the eqn. 3.

density in the lower layer by 100% yr' was
reflected also by growth of oak basal area
(23.3% yr"). The overall decrease of oak was
caused mainly by its reduction in the middle
layer (-2% yr' both by stem number and ba-
sal area) and to a lesser extent in the upper
layer. Other tree species (beech and horn-
beam) invaded especially the lower layer
(25.8% yr' and 17.5% yr' by stem number
and basal area, respectively) and the middle
layer (17.6% yr' and 12.0% yr', respecti-
vely). Their growth rates in the upper layer
were significantly lower and did not exceed
6% yr' (stem density) and 3% yr” (basal
area).

The development in Bujanov showed seve-
ral peculiar characteristics (Fig. 5). In the
lower layer, the absence of oak individuals
was closely associated with an extensive ex-
pansion of beech density by 12.5% yr'. In
the middle layer, a massive increase of beech
in stem number (17.3% yr') and basal area
(22.6% yr') was accompanied by oak mor-
tality (-2.2% yr' both by stem number and
basal area). The upper tree layer was charac-
terized by a slight loss of mature oak density
(-0.6% yr"); however, it was compensated
by diameter growth of the remaining oaks
(0.05% yr' by basal area). Regarding the

growth rates of beech, their highest values
were recorded in the upper layer (75.9% yr!
and 27.8% yr' by stem number and basal
area, respectively).

Discussion

The results obtained in this study confir-
med the expected decrease of oaks in all in-
vestigated areas, regardless of the intensity
of past human impacts. This is consistent
with the general decline of oaks observed in
many European forests during the last deca-
des (Oleksyn & Przybyl 1987, Ragazzi et al.
1989, Fihrer 1998, Siwecki & Ufnalski
1998, Thomas et al. 2002, Rohner et al.
2012). However, we discern some particula-
rities regarding the oak loss according to the
different levels of past human impact among
the studied natural reserves.

Considering the spatial diversity, the recor-
ded structures closely correspond with the
relative intensity of past intervention on the
investigated forests. This finding is in line
with the conclusion of Clark & Covey
(2012) and Bauhus et al. (2009) on a nega-
tive effect of size-class exploitation on the
persistence of old-growth attributes and
structural diversity.

The most differentiated initial structure, ap-

proximated by the rotated sigmoid function,
was recorded in the reserve with no direct
human intervention (Boky). The past-affec-
ted reserve in Kasivarova showed a bimodal
pattern and the most affected Bujanov re-
vealed even the typical unimodal distribution
characteristic for even-aged forests (Pretzsch
2009). Accordingly, the more affected reser-
ves reached higher values for the basic stand
parameters, most likely due to a distinctive
dominance of the upper layer. The average
basal area and growing stock in Kasivarova
and Bujanov (36.5-44 m* ha' and 284-518
m® ha’, respectively) correlated negatively
with their level of structural heterogeneity,
while the stem number revealed a positive
correlation.

The recorded amounts of deadwood are
consistent with those reported for other oak-
dominated natural forests in Europe (Rah-
man et al. 2008, Petritan et al. 2012). Re-
gardless of the historical background, we ob-
served a continuous increase of deadwood
volume and dead-to-live wood ratio in all the
analyzed forests over 45 (or 30) years. Like-
wise, Vandekerkhove et al. (2009) described
the slow long-term process of deadwood ac-
cumulation in oak-dominated, man-made fo-
rests left to self-development 10 to 150 years
ago. Considering the dead-to-live wood ra-
tio, the obtained values in this study were
slightly lower than those reported for other
oak-dominated natural forests. Rahman et al.
(2008) presented dead-to-live wood ratios
ranging from 30 to 40% depending on the
forest associations, while Petritan et al.
(2012) found a deadwood proportion of 23%
in sessile oak-dominated plots.

Regarding the interdecadal variation of
stand parameters, we did not recognize a
persistent trend over the analyzed period.
The common feature of all investigated fo-
rests was a gradual decline of basal area and
growing stock since the 1980s. This trend
closely corresponds with the epidemic of oak
wilt (Ceratocystis fagacearum) in Slovakia
and Hungary (Burkovsky 1985, Leontovyc
& Capek 1987). However, the only conside-
rable difference was the rate of such de-
crease. A more distinctive decrease in all
stand parameters was confirmed for the re-
serves which experienced a stronger past hu-
man impact. This is probably due to the fact
that forests with artificially modified struc-
ture are more susceptible to pathogens than
natural ecosystems (Fiithrer 1998, Spiecker
2003). On the contrary, Brang et al. (2009)
reported for forest reserves in Switzerland
almost opposite trends typical of the early-
to mid-successional stages, namely an in-
crease of basal area, growing stock and large
trees density, as well as a decrease in stem
number and species richness.

In this study several different patterns were
revealed when the successional changes over
the whole period of investigation were eva-
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luated. First of all, a clear tendency was ob-
served toward differentiated, close-to-nature
structure throughout the structural shift from
the bimodal diameter distribution in both
past-affected reserves. The bimodal diameter
distribution described at the beginning of the
investigation period in KaSivarova reached
the typical rotated sigmoid patterns at the
time of the last inventory. Similarly, the dia-
meter structure in the Bujanov reserve after
40 years of unhindered recovery showed a
transformation from unimodal to bimodal
distribution. It is very likely that the reco-
very process in this reserve follows the same
direction as observed in Kasivarova. The ro-
tated sigmoid diameter distribution in Boky
persisted during the entire investigation pe-
riod. A similar trend was described by West-
phal et al. (2006) and Kucbel et al. (2012) in
beech virgin forests in Europe. We have ob-
served a tendency to the displacement of
light-demanding oak by shade-tolerant spe-
cies (beech, hornbeam). The intensity of
such substitution directly reflected the in-
tensity of the local structure modification in
the past. Among the stand parameters con-
sidered, stem number showed the most dis-
tinctive change, while changes in tree spe-
cies composition by basal area and growing
stock were not so apparent yet.

In the Boky reserve, distinctive structural
changes occurred within the lower and mid-
dle layer. A significant loss of oaks from the
lower layer stems from a discontinuous oak
recruitment in this site. The dieback of oaks
resulted in an increase of stem number of
hornbeam and other tree species. A conti-
nuous accumulation of deadwood in this site
across all the investigated decades is directly
linked to tree mortality. From the point of
view of ecosystem stability, the loss of oak
individuals is constantly counterbalanced by
the ingrowth of accompanying tree species,
e.g., hornbeam and field maple (Korpel
1995). In KaSivarova, oak abundance in-
creased only in the lower layer. In spite of
this fact, a decrease of oak proportion in the
lower layer was observed as the result of the
massive hornbeam expansion occurring pe-
riodically, and is a natural part of develop-
mental cycle of natural oak forests (Korpel
1995). The real loss of oak individuals in
this reserve was recorded in the middle and
upper layers as a result of oak wilt, which
occurred throughout Slovak forests in the
1980s (Burkovsky 1985). This is supported
by a noticeable local increase of deadwood
volume after the inventory in the 1990s
(Saniga & Schiitz 2002, Saniga 2005). Oak
mortality favored a rapid natural rege-
neration of shade-tolerant beech in the lower
layer and its growth into the middle layer.
The most intensive change in tree species
composition was observed in the Bujanov
reserve. The absence of oaks in the lower
tree layer and the dieback of oaks in the

Past human impact affects forest succession in natural reserves

middle layer (outcompeted by beech) led to-
wards a complex change of the spatial struc-
ture. A closed beech canopy in the lower
layer hampers the natural regeneration of
oaks. According to von Liipke (1998), suc-
cessful regeneration of oaks occurs when the
light availability does not fall below 15-20%
of the full light, and at least 30-60% is re-
quired after two years. In the current situ-
ation, a successional transition from the
dominance of oaks towards a closed canopy
dominated by shade-tolerant beech is expec-
ted.

The vertical stand structure seems to drive
the recovery process. In almost all cases, oak
showed negative growth rates, while other
tree species revealed rather positive growth
rates in all tree layers of the investigated
forests. The scarse initial abundance of the
other tree species at the time of the first in-
ventory may be the reason of the distinctive
positive growth rates of such species in the
Boky reserve. Moreover, a clear association
between the intensity of past human impact
and the outgrowing of the lower tree layer
was recognized, suggesting that outgrowing
of the natural regeneration is crucial for the
recovery process. In addition to the compe-
titive exclusion observed in the lower layer
in Boky, we recognized a massive recruit-
ment of other species to the lower layer in
both past-affected reserves. Furthermore,
successful regeneration of oak was recorded
only in reserves with no or moderate level of
past human impact (Boky, Kasivarova).

The successional shift toward the dominan-
ce of shade-tolerant species is expected ba-
sed on the disturbance theory. However, our
results are in agreement with the findings by
Matuszkiewicz (1977), Jakubowska-Gabara
(1996) or Hédl et al. (2010), who report the
replacement of oak-dominated thermophi-
lous forest by mesic communities after the
cessation of human intervention. Our study
showed that the oak decline could be mostly
a consequence of the recovery after the past
third-party intervention rather than the effect
of environmental changes. Regardless of the
altered natural conditions, our results strong-
ly support the hypothesis that the process of
forest recovery and oak loss significantly de-
pends on the intensity of past human impact.
However, altered environmental conditions
should be still considered an important fac-
tor lowering the resilience of past-affected
ecosystems (Bréda et al. 2006, Lindner et al.
2010, Rigling et al. 2013).
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