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                    Introduction 

 European beech ( Fagus sylvatica  L.) is one of the 
major tree species of temperate Europe. It is a vig-
orous, long-lived, shade-tolerant tree that has a 
wide climatic and edaphic tolerance and a strong 
ability to compete with other tree species ( Jahn, 
1991 ). Forests dominated by or containing Eu-
ropean beech as a major species are one of the 
most widespread and abundant vegetation types 
in Europe ( Rübel, 1932 ;  Mayer, 1984 ;  Polunin 
and Walters, 1985 ;  Ellenberg, 1988 ;  Jahn, 1991 ; 
 Peters, 1997 ). According to the data derived from 
the map of potential natural vegetation of Eu-
rope ( Bohn  et al. , 2004 ), beech and mixed beech 

forests could have covered >92 million hectares 
in Europe during the last 1000 years. Based on 
national forest inventory data on contemporary 
distributions, beech-dominated forests still cover 
>14 million hectares. 

 Where beech forests had not been destroyed 
or converted to coniferous plantation, for the 
past 200 years they have mostly been managed 
in line with the paradigm of Central European 
forestry. It is based on very intensive treatment 
of forest stands organized by age classes, on very 
strict and prescriptive planning and on sophisti-
cated management techniques. To keep this tim-
ber production system under control in a closed 
management system, natural processes in forests 
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 Summary 

  Investigation of gap characteristics and tree regeneration patterns is central for our understanding 
of forest dynamics. By integrating aerial photograph analyses and ground surveys, we provide a 
study of long-term canopy gap dynamics and tree regeneration patterns in a Hungarian beech forest 
reserve. We found (1) that in spite of the overall increase of gap area during the investigated 
30-years (from 2.5 to 7.7 per cent), total gap area and average gap size (40 – 93 m 2 ) were remarkably 
similar to those found in other temperate and tropical forests, (2) if the fate of individual gaps was 
followed, two to three times more intensive canopy dynamics (gap creation, closure and expansion) 
could be recognized than simple change of gap area indicated, and (3) average seedling density was 
considered to be suffi cient for natural regeneration. However, it was apparent that recent increased 
deer browsing had prevented establishment of younger trees of 1 – 2 m in height, as taller saplings 
were recorded only in old gaps. Our results not only provide useful information on forest dynamics 
but can also contribute to understanding the potential roles that small forest reserves can play in 
providing essential reference data for nature-based forest management of this forest type.   
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have been largely ruled out ( Hahn and Fanta, 
2001 ). This approach to forestry prevailed from 
the beginning of the nineteenth century to the 
mid-twentieth century. The forests created and 
maintained under this system are — among other 
things — characterized by the creation of large, 
homogeneous (often pure, even-aged) stands. 
A number of criticisms have been formulated in 
the past few decades in relation to the ecologi-
cal and economic risks, the diffi culties of regen-
eration and the loss of biodiversity caused by the 
uniformity and simple structure of these forests. 
Because of these criticisms and the increasing 
demand for the social and protective functions 
of forests, there has been a growing interest for 
nature-based silviculture. 

 The implementation of nature-based silvi-
culture should be based on knowledge about 
natural processes and structures. However, in 
Europe, where forest utilization has a very long 
history, it is hard to fi nd appropriate reference 
forests to study the characteristics of natural for-
ests for most forest types. Because of this, strict 
forest reserves play an essential role. They are 
areas left for free development, therefore they 
have the potential to provide essential reference 
data for nature-based silviculture ( Parviainen  et 
al. , 2000a ). Their importance was recognized in 
the early ninteenth century when the fi rst for-
est reserves were designated in Central Europe. 
A new era of this approach to forest reserves 
started after the works of  Leibundgut (1959 , 
 1966 ,  1978 ,  1982 ). Nowadays, it is generally ac-
cepted that natural forests are a good model for 
the realization of nature-based silviculture (for 
detailed information on research in European 
forest reserves cf.  Diaci, 1999 ;  Parviainen  et al. , 
1999 ,  2000b ). However, to gain the necessary 
information, long-term investigations on forest 
dynamics are required. 

 Fine-scale gap-phase dynamics is a character-
istic feature of natural beech-dominated forests 
of Central Europe ( Peterken, 1996 ;  Splechtna 
 et al. , 2005 ). The gap phase is important in for-
est regeneration by providing opportunities for 
tree recruitment, establishment and develop-
ment ( Watt, 1947 ;  Canham, 1989 ;  Runkle, 
1989 ;   Peterken, 1996 ;  Brokaw and Busing, 2000 ; 
  McCarthy, 2001 ;  Mountford  et al. , 2006 ;  Page 
and Cameron, 2006 ;  Baier  et al. , 2007 ). Gaps are 
also important in maintaining plant species diver-

sity ( Poulson and Platt, 1989 ;  Busing and White, 
1997 ;  Brokaw and Busing, 2000 ;  Schumann  
et al. , 2003 ;  Degen  et al. , 2005 ). The size, shape, 
age and temporal changes of gaps infl uence the 
regeneration patterns of the tree species, due to 
the different ecological traits of the particular tree 
species and to the effects on the herbaceous layer 
(e.g.  Collins  et al. , 1985 ;  Canham, 1989 ;   Poulson 
and Platt, 1989 ;  Whitmore, 1989 ;  Denslow and 
Spies, 1990 ;  Peterken, 1996 ;  Diaci, 2002 ;   Gálhidy 
 et al. , 2006 ). 

 Several investigations of gap characteristics 
have been carried out in different forests in the 
temperate regions. Most of them provide in-
formation on gap size distribution and total 
gap area (e.g.  Runkle, 1982 ;  Yamamoto, 1992 , 
  Pontailler  et al. , 1997 ;  McCarthy, 2001 ;  Fujita 
 et al. , 2003a ;  Zeibig  et al. , 2005 ). However, 
many of them describe a static picture and there 
is still limited information on the detailed pat-
tern and dynamics of canopy gaps based on 
repeated observations of the individual stands, 
especially in  Fagus  forests. Such data on the tem-
poral changes in gap size distribution and total 
gap area were given by several authors ( Runkle, 
1990 ;  Tanaka and Nakashizuka, 1997 ,  Miura 
 et al. , 2001 ;  Fujita  et al. , 2003b ;  Henbo  et al. , 
2004 ;  Mountford, 2004 ). More detailed quan-
titative information on turnover rate ( Runkle 
1982 ,  1990 ), on changes in canopy status, i.e. 
gap — closed canopy ( Fujita  et al. , 2003b ;  Henbo 
 et al. , 2004 ;  Itaya  et al. , 2004 ), and on spatial 
pattern ( Tanaka and Nakashizuka, 1997 ) are 
much scarcer. Retrospective studies of canopy 
gap dynamics using series of aerial photograph 
can provide useful supplementary information to 
labour-intensive fi eld surveys. 

 The purposes of our analyses were (1) to use 
a time series of aerial photographs to defi ne de-
scriptive gap characteristics of the  Ő serd ő  Forest 
Reserve, Northern Hungary in four years (1975, 
1980, 2000, 2005); (2) to analyse gap dynamics 
over 30 years by following the fate of individual 
gaps, i.e. to quantify the rate of creation of new 
gaps, of gap closure by lateral expansion versus 
by infi lling of young undergrowth; (3) to study 
the amount, composition and survival of tree 
regeneration in gaps in relation to gap age, the 
height of potentially competing herbaceous veg-
etation and browsing damage caused by ungulate 
herbivores.  
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  Materials and methods 

  Study area 

  Ő serd ő  Forest Reserve is a small (25 ha) beech-
dominated stand situated on the plateau of the 
Bükk Mountains (48° 03 ′  N, 20°27 ′  E) in North-
ern Hungary (cf.  Figure 1 ). Elevation ranges from 
830 to 900 m. The topography is varying with fl at 
plateaus, karstic sink-holes (dolinas) and slopes 
of different steepness (for more details, cf.  Table 
2 ). Mean annual temperature is 6.1 °C (January: 
 − 4.1 °C, July: 15.5 °C) and the annual precipita-
tion is 896 mm.     

 Soils refl ect the high spatial variation in to-
pography. In the lower part of the study plot, 
where topography is fl at, limestone is covered 
by loess deposits, on which relatively deep illu-
viated brown forest soils developed, with signs 
of temporary gleying. On steeper south facing 
slopes without loess deposits, limestone serves 
as bedrock, on which skeletal soil and shallow 
black rendzina soil developed. The transition is 
continuous between these two extreme soil types. 
Colluvial soils of increasing depth occur downhill 
(G. Kovács, personal communication). 

 The forest is dominated by beech ( Fagus syl-
vatica  L.); the most important associated tree 
species are common ash ( Fraxinus excelsior  L.), 
sycamore ( Acer pseudoplatanus  L.) and wych elm 
( Ulmus glabra  Huds.). The age of the dominant 
beech trees varies between 150 and 200 years. 

 Dominant beech trees reach 41 – 47 m maxi-
mum height with diameter at 1.3 m height 
(d.b.h.) up to 100 cm. Stand structure is hetero-
geneous with trees of different sizes, canopy gaps 
and regeneration patches. The reserve can be 
divided into two distinct parts in terms of stand 
structure and composition. In the Northern and 
North-Western part, where topography is steeper 
and soil is shallower (cf.  Figure 1 ), the propor-
tion of the associated species is higher, and tree 
dimensions (tree-height, d.b.h., crown width) are 
smaller. In the Southern and South-Eastern part 
of the reserve, the stand comprises mainly huge 
beech trees. In both parts most of the highest 
canopy trees are more or less even-sized, but trees 
of smaller height classes form sub-canopy layers. 
The amount of dead wood is 175 m 3  ha  � 1 , from 
which the proportion of logs is almost 87 per cent 
( Christensen  et al. , 2005 ). All these make this 
stand a good representative of beech-dominated 
forest reserves in East-Central Europe (cf. Table 
1 in  Standovár and Kenderes 2003 ). 

 The shrub layer is extremely sparse, but the 
forest fl oor is covered with a dense herb layer. 
Most frequent species are  Mercurialis perennis  
L.,  Galium odoratum  (L.) Scop.,  Sanicula euro-
paea  L.,  Glechoma hederacea  L.,  Urtica dioica  
L.,  Euphorbia amygdaloides  L.,  Viola reichenba-
chiana  Jord. ex Boreau,  Hordelymus europaeus  
(L.) Jessen,  Alliaria petiolata  (M. B.) Cavara et 
Grande,  Aegopodium podagraria  L.,  Melica uni-
fl ora  Retz.,  Mycelis muralis  (L.) Dum,  Stachys 
sylvatica  L.,  Geranium robertianum  L.,  Dentaria 
bulbifera  L. and  Oxalis acetosella  L. 

 The forest was managed and cut in the past, 
but it has been developed freely during the last 
80 years. The Reserve has been protected since 
1942.  

  Data collection 

 We collected available archive aerial photographs 
from different sources. Some were taken for for-
est management planning, whereas others for 
military and general land survey purposes. As a 
result, their quality varied depending on different 
factors: time of the year when the photos were 
taken, the fl ying height of the airplane, the po-
sition of our study site in the photo, etc. After 
excluding inappropriate photos (e.g. taken from 

  

 Figure 1  .    Location (within Hungary) and topo-
graphic map of the  Ő serd ő  Forest Reserve. Elevation 
ranges from 830 to 900 m and darker colours indi-
cate higher elevation.    
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extreme height, in winter), for this study we used 
photographs taken in the growing season of 1975, 
1980, 2000 and 2005. 

 We built a GIS database that contained the 
georeferenced and orthorectifi ed photographs 
and the digital elevation model of the area. We 
analysed 21.3 ha of the reserve to avoid edge 
effects. Canopy gaps were mapped on-screen 
using aerial photographs. For each study year, 
the border lines of each gap were digitized into 
a polygon layer of our GIS database. To resolve 
ambiguities and uncertainties caused by differ-
ences in shade and tilt in each photograph, we 
also used 3D images generated from pairs of 
photographs. Canopy openings were considered 
as gaps with a minimum area of 4 m 2 . To im-
prove our understanding of stand dynamics, we 
used an ArcView extension (Patch Structure) de-
veloped for the purposes of this study. This cal-
culated not only the gap characteristics for each 
time step but also the fate of the individual gaps. 
We thereby quantifi ed the rate of overall canopy 
dynamics and the importance of certain dynamic 
processes: creation of new gaps, gap closure, 
dissection of gaps and merger of neighbouring 
gaps. 

 To check the reliability of our maps, we carried 
out a ground survey during the summer of 2005. 
The existence and the borders of individual gaps 
were checked. 

 In addition, a fi eld study of tree regeneration 
was conducted in 27 gaps. The gaps were selected 
by age and size criteria. The selected gaps were 
small (30 – 200 m 2 ) with a roughly circular shape. 
They were divided into two groups according to 
their age:  ‘ old gaps ’  were created before 1980 and 
 ‘ young gaps ’  appeared later. 

 In each gap, we counted seedlings and sap-
lings in a 25-m 2  quadrat, and recorded the spe-
cies, height class and browsing damage for each 
individual. Six height classes were determined: 
seedling (with cotyledons or with maximum of 
two leaves), <0.5 m, 0.5 to <1 m, 1 to <2 m, 2 to 
<8 m and  ≥ 8 m. Browsing level was categorized 
as follows: B0 — no sign of browsing; B1 — plant 
damaged only in last year; B2 — viable plant with 
shoots damaged for several years; B3 — same as 
B2, but with thick trunk base indicating that the 
plant could have grown to higher height class; 
B4 — non-viable plant with shoots damaged for 
several years.  

  Data analyses 

 For each study year, gap characteristics of the 
study area were described in terms of number 
of gaps, size distribution (mean, standard devia-
tion, minimum, maximum) of gaps, proportion 
of the whole area in gaps and topographic posi-
tion (altitude, slope steepness and aspect) of gaps. 
Kruskal – Wallis tests with post-hoc comparisons 
of mean ranks were used to test the signifi cance of 
differences between average gap sizes in each of 
the study years ( Zar, 1999 ). 

 The signifi cance of the effects of gap age (old 
 vs  young), canopy openness (gap  vs  non-gap) and 
height of herbaceous vegetation (low  vs  high) on 
regeneration density was tested by  t  test or by 
Welch test after testing the normality of variance 
by  F  test. Independence of browsing damage, 
height class and species was tested by Pearson’s 
 χ  2  ( Zar, 1999 ). 

 The fate of the gaps was determined by using the 
ArcView extension  ‘ Patch Structure ’ . The number, 
proportion and area of opened, closed and surviv-
ing gaps were compared for the two 5-year long 
study periods (1975 – 1980 and 2000 – 2005).   

  Results 

  The gap characteristics in the four study years 

  Figure 2  shows maps of the canopy gaps in the 
four study years. These covered 2.5 – 7.7 per cent 
of the total area ( Table 1 .). Both mean gap size 
and total gap area increased during the 30 years 
of the study period (from 40 to 93 m 2  and from 
5319 to 16   477 m 2 , respectively). Signifi cant 
change took place between 1980 and 2000 and 
2005, especially in the south-eastern part of the 
area (cf.  Figure 2 ). By 2000, relatively large new 
gaps had been created in this part of the reserve. 
This process continued after 2000. In 2004 and 
2005, several trees were blown down by strong 
wind. The number of gaps varied between 132 
and 178 in the different years. Gaps down to the 
minimum recording size (4 m 2 ) were recorded in 
every year, whereas maximum gap size was great-
est in 1980 and 2005.         

 The spatial distribution of gaps among differ-
ent topographic positions changed slightly dur-
ing the 30 years ( Table 2 .). Though in 1975, gaps 
were spread across the area, in the following 
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30 years, mean elevation and slope steepness of 
the whole gap area decreased. Gaps on S-facing 
slopes fell markedly while on NE-E – facing slopes 
it increased. This was a consequence of increased 
gap creation taking place by 2000 and 2005 in 
the rather fl at south-eastern part of the reserve 
(cf.  Figure 2 ).      

  Processes of canopy dynamics 

 Because of the lack of appropriate aerial photo-
graphs, the time steps are rather uneven in our 
dataset. For this reason, we compared the dy-

namical characteristics of the two 5-year periods 
(1975 – 1980, 2000 – 2005). 

 As  Table 3  shows, total gap area increased in 
both periods, though at different annual rates 
(0.13 and 0.68 per cent, respectively), indicating 
more intensive canopy dynamics in the second pe-
riod. In addition to this information derived from 
comparing maps of different years, we obtained 
a better understanding of the dynamic process 
by applying the ArcView extension Patch Struc-
ture.  Figure 3  shows two subsets of the output 
that Patch Structure created. In the fi gure, study 
year is shown at the beginning of each line, while 
dots mark individual gaps. Lines connecting 

  

 Figure 2  .    Distribution of canopy gaps in the study area as measured off aerial photographs from 1975 to 
2005. See  Table 1  for descriptive statistics.    
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gaps indicate relationships ( ‘ is the same ’  or  ‘ cre-
ated from ’ ). Based on these results, mean an-
nual rate of change could be calculated for each 
period. As  Table 3  shows, the number of new 
gaps (46 and 67) was higher than the number 
of closed gaps (29 and 36) in both periods. The 
same held when gap area was considered (1565 
m 2  created and 730 m 2  closed between 1975 and 
1980; 3645 m 2  created and 1045 m 2  closed be-
tween 2000 and 2005). During the two study 
periods, the annual rate of gap creation was 0.15 
and 0.34 per cent, respectively, whereas that of 
gap closure was 0.07 and 0.1 per cent, respec-
tively. The area of gaps that remained also in-
creased by 520 and 4685 m 2 , resulting in a mean 
annual increase in gap area of 0.05 and 0.44 per 
cent, respectively. If all types of changes are con-
sidered, the average annual proportion of area 

experiencing some kind of canopy change was 
0.27 per cent (of total study area) between 1975 
and 1980 and 0.88 per cent between 2000 and 
2005.          

  Regeneration 

 As  Table 4  shows, seedling density (given in 
number per hectare) was signifi cantly (Welch 
 t    =   2.27; df   =   17.01;  P    <   0.05) higher in old 
gaps (36   494   ±   51326) than in young ones 
(7733   ±   6702). Young trees belonging to height 
classes 2 to <8 m and  ≥ 8 m were only found in 
old gaps (212 ± 450  vs  141 ± 242). However, 
because of the small sample size, the  t  test was 
signifi cant (Welch  t    =   2.4; df   =   16;  P  < 0.05) only 
for height class  ≥ 8 m.     

 Based on data from all the 27 sampled gaps, 
the average number of saplings of <1 m height 
was 45   541 ± 41   093 ha  � 1 . Saplings higher than 
1 m but smaller than 2 m did not occur in our 
samples. 

 Browsing pressure on the regeneration was 
considerable (see  Table 5 ): only 15 per cent of 
the individuals in height class <0.5 m were not 
affected by browsing, with most individuals (84.5 
per cent) having been damaged for >1 year. In the 
0.5 to <1 m height class, 95.4 per cent of indi-
viduals had been damaged for >1 year. According 
to the chi-square test, degree of browsing damage 
was not independent from height class (Pearson 
 χ  2  =   40.1; df   =   4;  P  < 0.001). In the lower height 
class (<0.5 m), the observed number of individu-
als belonging to B0 and B3 browsing category 
was higher, whereas the number in category B2 
was less than expected. For higher saplings (0.5 to 
<1 m), the opposite was observed (cf.  Table 5 ).     

  Table 2   :    Topographical characteristics of the whole 
study area and separately for the area under canopy 
gaps in each of four study years  

  
 

Whole 
study 
area

Gap area in 

1975 1980 2000 2005  

  Mean altitude (m) 848 848 845 844 843 
 Mean slope (º) 13 11 12 10 10 
 N-facing (%) 9 9 6 6 7 
 NE-facing (%) 9 12 12 12 16 
 E-facing (%) 6 6 5 15 15 
 SE-facing (%) 9 10 9 10 9 
 S-facing (%) 49 42 37 36 34 
 SW-facing (%) 8 8 12 9 8 
 W-facing (%) 4 7 10 6 5 
 NW-facing (%) 6 6 9 6 6  

  Table 1   :    Descriptive statistics of canopy gaps in the four study years  

  1975 a 1980 a 2000 b 2005 c   

  Number of gaps 132 155 151 178 
 Mean gap size (m 2 ) 40 43 61 93 
 Standard deviation of gap size 52 67 71 117 
 Maximum gap size (m 2 ) 487 731 378 870 
 Minimum gap size (m 2 ) 4 4 4 4 
 Total gap area (m 2 ) 5319 6675 9191 16   477 
 Percent of total area covered by gaps (%) 2.5 3.1 4.3 7.7  

  Signifi cant differences between gap size distributions of individual years (based on Kruskal – Wallis test; 
 H    =   46.98;  P  < 0.0001 and post-hoc comparisons of mean ranks) are indicated by superscripted letters (a, b, c).   
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 The data presented in  Table 6  demonstrate that 
browsing was signifi cantly (Pearson  χ  2  =   387.7; 
df   =   16;  P  < 0.001) infl uenced by species. Brows-
ers showed clear preference for ash (93 per cent 
damaged for several years (B2 – B3 – B4); only 6.5 
per cent not damaged) and Norway maple (86.6 
per cent in B2 – B3 – B4 classes; 13.4 per cent not 
damaged). Sycamore (67.9 per cent in B2 – B3 – B4 
classes; 31.8 per cent not damaged) and beech 
(66.7 per cent in B2 – B3 – B4 classes; 33.2 per cent 
not damaged) were less affected.     

 As  Table 7  shows, there was a signifi cant (Pear-
son  χ  2  =   139.7; df   =   4;  P  < 0.001) decrease in the 
frequency of associated tree species: the observed 

numbers of ash, Norway maple, sycamore and 
wych elm individuals were higher than expected 
in height class <0.5 m, and lower than expected 
in the higher height class. Individuals >2 m were 
all beeches.       

  Discussion 

  Canopy dynamics 

 Our results show that both the percentage cover-
age of gaps and average gap size in the  Ő serd ő  
Forest Reserve are within the lower part of the 

  Table 3   :    Characteristics describing different aspects of gap dynamics during two 5-year periods in 
 Ő serd ő  Forest Reserve  

  Dynamic process 1975 – 1980 2000 – 2005  

  Change in total gap area (m 2 ) 2820 9375 
 Change in total gap area (%/year) 0.13 0.68 
 Number of new gaps created during the period 46 67 
 Total area of newly created gaps (m 2 ) 1565 3645 
 Percent of total area covered by new gaps (%/year) 0.15 0.34 
 Number of gaps that closed during the period 29 36 
 Total area of gaps that closed (m 2 ) 730 1045 
 Percent of total area covered by gaps that closed (%/year) 0.07 0.10 
 Proportion of area where canopy dynamics occurred (%/year) 0.27 0.88  

  

 Figure 3  .    Example pathways of canopy gaps recorded in the study area during 1975 – 2005. Numbers to the 
left of each line show the year of recording. Each dot is an individual gap. The connecting lines indicate 
pathways and relationships. Possible events are gap closure (e.g. gaps No. 107 or 141 in 2000), gap creation 
(e.g. gaps 131 and 155 in 1980), merger of neighbouring gaps (e.g. gaps Nos. 40, 135 and 136 in 2000 
merge to gap 127 in 2005) and dissection of gaps by infi lling trees creating several sister gaps (e.g. No. 7 in 
1975). Gaps can be traced back in the map and the database by their identifi cation numbers.    
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range found in different natural temperate and 
tropical forests (collected data in  McCarthy, 
2001 ;  Ott and Juday, 2002 ;  Fujita  et al. , 2003a , 
 b ;  Henbo  et al. , 2004 ;  Piovesan  et al. , 2005 ). Gap 
diameter in this reserve was typically smaller 
than 1 tree-height. Data from Central European, 
beech-dominated reserves lacking recent, large-
scale disturbance are relatively close to our re-
sults. For example,  Zeibig et al. (2005)  found a 
5.6 per cent gap proportion and 137 m 2  average 
gap size in Krokar (Slovenia), while K. Kenderes 
and T. Standovár (unpublished data) found gap 
proportion and average gap size to be 10.8 per 
cent and 95 m 2  in Zofi n (Czech Republic) and 
7 per cent and 76 m 2  in Kékes (Hungary). At the 
other end, many forest reserves in NW-Europe 
are characterized by less natural processes and by 
the occurrence of recent, large-scale, wind distur-
bance; hence, gap proportion and mean gap area 
are much higher (e.g. data in  Mountford 2004 ). 

 As  Figure 2  shows, many of the youngest gaps 
(created by 2000 and especially by 2005) are rela-
tively large, and they occur mostly in the south-

eastern part of the reserve. There are two main 
reasons behind this observation. First, this part 
of the reserve is characterized by the deepest soil 
with the lowest levels of stoniness resulting in 
rapid growth by the trees once freed up by regular 
tending cuts before the reserve was designated. As 
a result, the beech trees in this part of the reserve 
are widely spaced and have large canopies. In ad-
dition, in this part of the reserve there are signs 
of temporary surface-water gleying, which might 
have caused beech roots to avoid the deeper soil 
layers, resulting in increased instability. These 
large old individuals are rather susceptible to 
different disturbance agents (e.g. fungi, wind), 
and when they fall, relatively large gaps are cre-
ated. Second, fi eld observation confi rmed that the 
relatively large gaps — created in 2004 by strong 
wind — expanded when strong winds in 2005 up-
rooted trees at the gap margins. The enlargement 
of gaps by subsequent storms is a general phe-
nomenon, and it plays an important role in pro-
longing the time during which extra light and soil 
nutrients are available to saplings. For example, 
in 42 per cent of the gaps observed in 1976/1977, 
at least one surrounding canopy tree had died or 
was obviously dying by 1983 in the Southern Ap-
palachian ( Runkle and Yetter, 1987 ). 

 These observations support the fi ndings of a 
review on East-Central European beech forest 
dynamics which stated that wind is an impor-
tant disturbance agent in this region ( Standovár 
and Kenderes, 2003 ; see also  Nagel and Diaci, 
2006 ). 

 Regarding the rate of canopy dynamics, the av-
erage percentage of canopy that was converted to 
gaps in this reserve is consistent with published 
data (e.g.  Sousa, 1984 ;  Runkle, 1985 ). We also 
showed that the canopy dynamics were more in-
tensive in both of the analysed 5-year periods than 

  Table 4   :    Comparison of average density per hectare 
(mean ± standard deviation) of tree regeneration 
belonging to different height classes in old  vs  young 
gaps  

  Old Young  

  Seedling* 36   494   ±   51   326 7733   ±   6702 
 <0.5 m 44   424   ±   45   264 46   444   ±   31   092 
 0.5 to <1 m 776   ±   2282 4489   ±   5369 
 1 to <2 m 0 0 
 2 to <8 m 212   ±   450 0   ±   0 
  ≥ 8 m* 141   ±   242 0   ±   0  

  Signifi cant differences (Welch test,  P  < 0.05) are 
marked with*.   

  Table 5   :    Observed (obs) and expected (exp) number of young trees with different level of browsing in two height 
classes (<0.5 m, 0.5 to <1 m) in the 27 quadrats (25 m 2  each)  

  B0 B1 B2 B3 B4  Σ   

  <0.5 m obs 429 13 1908 499 4 28533 
 exp 416 12 1941 480 4  

 0.5 to <1 m obs 6 0 122 3 0 131 
 exp 19 1 89 22 0  

  Σ 435 13 2030 502 4 2984  

  Pearson  χ  2  =   40.1; df   =   4;  P  < 0.001.   
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the simple change of total gap area would indicate: 
the area affected by dynamical processes was two 
to three times larger than the simple difference (cf. 
 Table 3 ). This means that intensive gap creation 
and closure took place simultaneously. 

 We observed an overall increase of gap area 
during the 30-year period, because the rate of gap 
creation exceeded that of gap closure and the size 
of many surviving gaps (detectable throughout the 
30 years) had also increased in many cases. This 
indicates that after 80 years of  non- intervention, 
this stand has not reached a dynamic equilibrium. 
The development of a shifting mosaic steady state 
( S.H. Bormann and G.E. Likens, 1979 ) requires 
a much longer time of free development (and the 
absence of catastrophic disturbances) if the stand 
has its origin in an age-class silvicultural system. 
However, even assuming a more natural age and/
or size distribution of trees, the outcome of spon-
taneous stand development is unclear because 

of the small size (25 ha) of the study area, and 
requires continuing investigations. It is defi nitely 
smaller than the minimum dynamic area (sensu 
 White and Pickett, 1985 ) of a Central European 
beech forest. In this case, therefore, stand size in 
itself sets limits to drawing general conclusions 
about the dynamics of this beech forest ( Holeksa, 
1993 ). However, we — as many other colleagues 
in Europe — have to live with the constraint that 
long and intensive use of our forest has left very 
little near natural forests for such studies.  

  Regeneration 

 While studying forest dynamics, in-depth knowl-
edge on regeneration has both theoretical and 
practical importance. Below we discuss suffi ciency 
of regeneration density and the factors that affect 
the success of established regeneration. 

  Table 6   :    Observed (obs) and expected (exp) number of young individuals (<1 m) with different levels of 
browsing belonging to different tree species in the 27 quadrats (25 m 2  each)  

  Species B0 B1 B2 B3 B4  Σ   

   Fagus sylvatica obs 119 2 169 65 3 358 
 exp 52 2 244 60 0  

  Fraxinus excelsior obs 109 9 1215 351 1 1685 
 exp 246 7 1146 283 2  

  Acer platanoides obs 62 0 336 63 0 461 
 exp 67 2 314 78 1  

  Acer pseudoplatanus obs 142 1 292 11 0 446 
 exp 65 2 303 75 1  

  Ulmus glabra obs 3 1 18 12 0 34 
 exp 5 0 23 6 0  

  Σ 435 13 2030 502 4 2984  

  Pearson  χ  2  =   387.7; df   =   16;  P  < 0.001.   

  Table 7   :    Observed (obs) and expected (exp) number of young trees (<1 m) of different species belonging to 
different height classes (<0.5 m, 0.5 to <1 m) in the 27 quadrats (25 m 2  each)  

   Fagus 
sylvatica 

 Fraxinus 
excelsior 

 Acer 
platanoides 

 Acer 
pseudoplatanus 

 Ulmus 
glabra  Σ   

  <0.5 m obs 300 1630 448 441 34 2853 
 exp 342 1611 441 426 33  

 0.5 to <1 m obs 58 55 13 5 0 131 
 exp 16 74 20 20 1  

  Σ 358 1685 461 446 34 2984  

  Pearson  χ  2  =   139.7; df   =   4;  P  < 0.001.   



FORESTRY120 

 As our data ( Table 4 ) illustrate, average seed-
ling density in the studied natural gaps was in the 
range (between 40 and 50 thousands per hectare) 
that is regarded as suffi cient for restocking man-
aged beech stands by natural regeneration ( Evans, 
1984 ). For example, according to Hungarian for-
estry regulations, the presence of at least 10   000 
individuals per hectare is required for regenera-
tion to be accepted as successful. 

 Our data are not appropriate to assess the ef-
fects of gap size on regeneration success, since we 
do not have long-term data on regeneration, or 
on initial size of all studied gaps. This kind of in-
formation can be gained from experimental stud-
ies (e.g.  Mihók  et al. , 2005 ;  Gálhidy  et al. , 2006 , 
for Hungarian beech forests). Nevertheless, this 
study considered the apparent effects of gap age 
on seedling establishment and survival. More 
small seedlings were established in old  vs  young 
gaps, but the density of saplings up to 0.5 m in 
height was similar, which suggested that seedling 
survival was less in old gaps, perhaps because of 
competition from ground vegetation (short her-
baceous vegetation was observed widely in old 
gaps). However, a range of other factors, nota-
bly light availability, localized deer browsing and 
uneven seed fall, may have been involved. Deer 
browsing was overwhelming in the area. An ex-
tremely high proportion of seedlings were dam-
aged (85 and 95 per cent in the <0.5 m and 0.5 
to <1 m height classes, respectively, c.f.  Table 5 ). 
We found no young trees in the 1- to 2-m height 
class, and trees higher than 2 m were found only 
in old gaps. Based on data in the National Game 
Management Database, the estimated popula-
tion sizes of moufl on ( Ovis musimon  Schreb.), 
red deer ( Cervus elaphus  L.), roe deer ( Capreolus 
capreolus  L.) and wild boar ( Sus scrofa  L.) have 
increased two to fi ve times in the neighbouring 
two counties since 1980. This suggests that the 
trees >2 m found in old gaps had grown beyond 
the reach of browsing game at a time of lower 
browsing pressure. 

 Different game species have different food pref-
erence; even though to a degree they use the same 
plant species (e.g.  Homolka, 1993 ;  Heroldová, 
1996 ;  Gebert and Verheyden-Tixier, 2001 ). We 
have no data regarding the site use of the different 
game species, but in common with many authors 
(e.g.  Ammer, 1996 ;   Č ermák and Mrkva, 2003 ; 
 Modrý  et al. , 2004 ), we showed that several of the 

associated tree species (ash, Norway maple) were 
more seriously damaged than beech. Species com-
position of regeneration varied between different 
height classes as beech was more frequent in higher 
height classes. However, this is not a direct proof 
of preferential browsing, since competition for 
light in itself or in combination with preferential 
browsing can also result in the reduced survival 
of these species ( Ammer, 1996 ;  Emborg, 1998 ; 
 Lei and Lechowicz, 1998 ;  Harmer and Gill, 2000 ; 
 Modrý  et al. , 2004 ;  Messaoud and Houle, 2006 ).  

  Practical implications 

 This study in the  Ő serd ő  Forest Reserve revealed 
the spatial and temporal aspects of canopy dy-
namics in a near-natural Central European beech 
forest. The fi ndings of this study can support the 
development of techniques for nature-based silvi-
culture. The observed gap dimensions and rate of 
canopy dynamics can guide practitioners during 
the transition process from uniform shelterwood 
system ( Matthews, 1991 ) towards practices that 
ensure continuous forest cover. These results also 
indicated that natural regeneration was possible 
in naturally occurring gaps. Both the density and 
species composition of regeneration would en-
able the development and long-term maintenance 
of mixed beech-dominated forests. However, the 
current high game density impeded the recruit-
ment of tree saplings into the canopy layer, and 
also led to changes in species composition due to 
selective browsing. 

 It is necessary to consider that these large 
herbivores use a much larger area than the Re-
serve itself. The negative effects of high browsing 
pressure could be reduced on a landscape scale 
by the implementation of nature-based forest 
management techniques in the surrounding land-
scape. This would improve the quality of game 
habitat (e.g. by maintaining a viable shrub layer), 
hence reducing browsing pressure ( Reimoser and 
 Gossow, 1996 ;  Reimoser  et al. , 1999 ;  Mátrai 
 et al. , 2004 ;  Szemethy  et al. , 2004 ). This is a 
reasonable alternative to excluding browsers by 
fences ( Szemethy  et al. , 1994 ). 

 In conclusion, we argue that in spite of the 
limitations set by their small size and the negative 
effects from the surroundings (e.g. browsing pres-
sure), forest reserves are a useful and indispensable 
means of studying natural processes in our forests.   



GAP DYNAMICS IN A CENTRAL EUROPEAN BEECH FOREST RESERVE 121 

  Funding 

 Research grants OTKA, No. T043452 and No. 
NI68218; EU 5th Framework Programme Nat-Man 
(Nature-based Management of Beech in Europe) Grant 
No. QLRT1-CT99-1349, Hungarian National Offi ce 
for Research and Technology (NKTH) Öveges József 
Programme. Tibor Standovár is a grantee of the János 
Bolyai Scholarship. Kata Kenderes is a grantee of the 
Ferenc Deák Scholarship.    

 Acknowledgements 

  The authors are grateful to all those friends and col-
leagues who helped in any phase of the work, espe-
cially to Zsolt Pataki for developing the ArcView 
extension for us, to Gábor Kovács for useful infor-
mation on site conditions and to Csaba Pál and Péter 
Ódor for their useful comments on the manuscript. 
We wish to express our thanks to the two anonymous 
reviewers whose comments and suggestions improved 
our paper.  

  Confl ict of Interest Statement  

 None declared.  

 References  

     Ammer  ,   C.       1996     Impact of ungulates on structure and 
dynamics of natural regeneration of mixed mountain 
forests in the Bavarian Alps  .   For. Ecol. Manage.,      88  , 
  43   –   53    . 

     Baier  ,   P.   ,    Meyer  ,   J.    and    Gottlein  ,   A.       2007     Regenera-
tion niches of Norway spruce (Picea abies [L.] Karst.) 
saplings in small canopy gaps in mixed mountain 
forests of the Bavarian Limestone Alps  .   Eur. J. For. 
Res.,      26  ,   11   –   22    . 

     Bohn  ,   U.   ,    Gollub  ,   G.   ,    Hettwer  ,   C.   ,    Neuhauslová  ,   Z.   , 
   Raus  ,   T.,    and    Schlütler  ,   H.,         2004     Map of the Natu-
ral Vegetation of Europe Scale 1:2,500,000  .    Federal 
Agency for Nature Conservation  ,   Bonn, Germany       . 

     Bormann  ,   S.H.    and    Likens  ,   G.E.       1979     Catastrophic 
disturbance and the steady state in northern hard-
wood forests  .   Am. Sci.      67  ,   660   –   669    . 

     Brokaw  ,   N.    and    Busing  ,   R.T.       2000     Niche versus chance 
and tree diversity in forest gaps  .   Trends Ecol. Evol.   
   15  ,   183   –   188    . 

     Busing  ,   R.T.    and    White  ,   P.S.       1997     Species diversity and 
small-scale disturbance in an old-growth temperate 
forest: a consideration of gap-partitioning concepts  . 
  Oikos  .    78  ,   562   –   568    . 

     Canham  ,   C.D.       1989     Different responses to gaps among 
shade-tolerant tree species  .   Ecology  .    70  ,   548   –   550    . 

     Christensen  ,   M.   ,    Hahn  ,   K.   ,    Mountford  ,   E.P.   ,    Ódor  ,   P.   , 
   Standovár  ,   T.    and    Rosenbergar  ,   D.         2005     Dead wood 
in European beech (Fagus sylvatica) forest reserves  . 
  For. Ecol. Manage.      210  ,   267   –   282    . 

     Collins  ,   B.S.   ,    Dunne  ,   K.P.    and    Pickett  ,   S.T.A.       1985      Re-
sponses of forest herbs to canopy gaps  . In   The Ecol-
ogy of Natural Disturbance and Patch Dynamics  .    S.
T.A.   Pickett   and   P.S.   White    (eds).    Academic Press  , 
  Orlando, FL   218  –  234           . 

      Č ermák  ,   P.    and    Mrkva  ,   R.       2003     Browsing damage to 
broadleaves in some national nature reserves (Czech 
Republic) in 2000 – 2001  .   Ekológia (Bratislava)  .    22  , 
  394   –   403    . 

     Degen  ,   T.   ,    Devillez  ,   F.    and    Jacquemart  ,   A.-L.       2005   
  Gaps promote plant diversity in beech forests 
(Luzulo-Fagetum), North Vosges, France  .   Ann. For. 
Sci.      62  ,   429   –   440    . 

     Denslow  ,   J.S.    and    Spies  ,   T.       1990     Canopy gaps in forest 
ecosystems — an introduction  .   Can. J. For. Res.      20  , 
  619    . 

     Diaci  ,   J.       1999     Virgin Forests and Forest Reserves in 
Central and East European Countries  .    University of 
Ljubljana  ,   Ljubljana, Slovenia       . 

     Diaci  ,   J.       2002     Regeneration dynamics in a Norway 
spruce plantation on a silver fi r-beech forest site 
in the Slovenian Alps  .   For. Ecol. Manage.      161  , 
  27   –   38    . 

     Ellenberg  ,   H.       1988     Vegetation Ecology of Central 
 Europe  .    Cambridge University Press  ,   Cambridge       . 

     Emborg  ,   J.       1998     Understorey light conditions and re-
generation with respect to the structural dynamics of 
a near-natural temperate deciduous forest in Den-
mark  .   For. Ecol. Manage.      106  ,   83   –   95    . 

     Evans  ,   J.       1984     Silviculture of Broadleaved Woodland  . 
   HMSO  ,   London       . 

     Fujita  ,   T.   ,    Itaya  ,   A.   ,    Miura  ,   M.   ,    Manabe  ,   T.    and 
    Yamamoto  ,   S.       2003a     Canopy structure in a temper-
ate old-growth evergreen forest analyzed by using 
aerial photographs  .   Plant Ecol.      168  ,   23   –   29    . 

     Fujita  ,   T.   ,    Itaya  ,   A.   ,    Miura  ,   M.   ,    Manabe  ,   T.    and 
   Yamamoto  ,   S.       2003b     Long-term canopy dynamics 
analysed by aerial photographs in a temperate old-
growth evergreen broad-leaved forest  .   J. Ecol.      91  , 
  686   –   693    . 

     Gálhidy  ,   L.   ,    Mihók  ,   B.   ,    Hagyó  ,   A.   ,    Rajkai  ,   K.    and 
   Standovár  ,   T.       2006     Effects of gap size and associated 
changes in light and soil moisture on the understorey 
vegetation of a Hungarian beech forest  .   Plant Ecol.   
   183  ,   133   –   145    . 



FORESTRY122 

     Gebert  ,   C.    and    Verheyden-Tixier  ,   H.       2001     Variations 
of diet composition of red Deer (Cervus elaphus L.) 
in Europe  .   Mammal Rev.      31  ,   189   –   201    . 

     Hahn  ,   K.    and    Fanta  ,   J.       2001     Contemporary Beech For-
est Management in Europe  .    Research report of the 
NatMan project    . 

     Harmer  ,   R.    and    Gill  ,   R.       2000     Natural Regeneration 
in Broadleaved Woodlands: Deer Browsing and the 
Establishment of Advance Regeneration  .   The Royal 
Veterinary and Agricultural University  ,   Copenhagen .   
Forestry Commission  ,   Edinburgh, Scotland       . 

     Henbo  ,   Y.   ,    Itaya  ,   A.   ,    Nishimura  ,   N.    and    Yamamoto  ,   S.     
  2004     Long-term canopy dynamics in a large area of 
temperate old-growth beech ( Fagus crenata ) forest: 
analysis by aerial photographs and digital elevation 
models  .   J. Ecol.      92  ,   945   –   953    . 

     Heroldová  ,   M.       1996     Dietary overlap of three ungulate 
species in the Palava Biosphere Reserve  .   For. Ecol. 
Manage.      88  ,   139   –   142    . 

     Holeksa  ,   J.       1993     Gap Size Differentiation and the Area 
of Forest Reserve  .   In European Forest  Reserves. 
M.E.A. Broekmeyer, W. Vos and H. Koop (eds). 
 Pudoc Scientifi c Publisher  ,   Wageningen,  Netherlands     , 
 pp.   159  –  165 .   

     Homolka  ,   M.       1993     The food niches of three ungu-
late species in a woodland complex  .   Folia Zool.      42  , 
  193   –   203    . 

     Itaya  ,   A.   ,    Miura  ,   M.    and    Yamamoto  ,   S.       2004     Canopy 
height changes of an old-growth evergreen broad-
leaved forest analyzed with digital elevation models  . 
  For. Ecol. Manage.      194  ,   403   –   411    . 

     Jahn  ,   G.       1991      Temperate deciduous forests  . In   Tem-
perate Deciduous Forests  .    E.   Röhrig   and   B.   Ulrich    
(eds).    Elsevier  ,   Amsterdam   ,   pp.   377   –   502    . 

     Lei  ,   T.T.    and    Lechowicz  ,   M.J.       1998     Diverse responses 
of maple saplings to forest light regimes  .   Ann. Bot.   
   82  ,   9   –   19    . 

     Leibundgut  ,   H.       1959     Über Zweck und Methodik der 
Struktur- und Zuwachsanalyse von Urwäldern  .   Sch-
weiz. Z. Forstwesen  .    110  ,   111   –   124    . 

     Leibundgut  ,   H.       1966     Waldreservate  .   Schweiz. Z. Forst-
wesen  .    117  ,   190   –   197    . 

     Leibundgut  ,   H.       1978     Über die Dynamik Europäischer 
Urwälder  .   AFZ  .    33  ,   686   –   690    . 

     Leibundgut  ,   H.       1982     Europäischer Urwälder der Berg-
stufe  .    Haupt  ,   Stuttgart, Germany       . 

     Mátrai  ,   K.   ,    Szemethy  ,   L.   ,    Tóth  ,   P.   ,    Katona  ,   K.    and    Székely  , 
  J.       2004     Resource use by red deer in lowland nonnative 
forests, Hungary  .   J. Wildl. Manage.      68  ,   879   –   888    . 

     Matthews  ,   J.D.       1991     Silvicultural Systems  .    Calderon 
Press  ,   Oxford       . 

     Mayer  ,   H.       1984     Wälder Europas  .    Gustav Fischer Ver-
lag  ,   Stuttgart, Germany       . 

     McCarthy  ,   J.       2001     Gap dynamics of forest trees: a 
 review with particular attention to boreal forests  . 
  Environ. Rev.      9  ,   1   –   59    . 

     Messaoud  ,   Y.    and    Houle  ,   G.       2006     Spatial patterns of 
tree seedling establishment and their relationship 
to environmental variables in a cold-temperate de-
ciduous forest of eastern North America  .   Plant Ecol.   
   185,   319   –   331    . 

     Mihók  ,   B.   ,    Gálhidy  ,   L.   ,    Kelemen  ,   K.    and    Standovár  ,   T.     
  2005     Study of gap-phase regeneration in a managed 
beech forest: relations between tree regeneration and 
light, substrate features and cover of ground vegeta-
tion  .   Acta Silv. Lign. Hung.      1  ,   25   –   38    . 

     Miura  ,   M.   ,    Manabe  ,   T.   ,    Nishimura  ,   N.    and    Yamamoto  , 
  S.       2001     Forest canopy and community dynamics in a 
temperate old-growth evergreen broad-leaved forest, 
south-western Japan: a 7-year study of a 4-ha plot  . 
  J. Ecol.      89  ,   841   –   849    . 

     Modrý  ,   M.   ,    Hubený  ,   D.    and    Rej š ek  ,   K.       2004     Differ-
ential response of naturally regenerated European 
shade tolerant tree species to soil type and light avail-
ability  .   For. Ecol. Manage.      188  ,   185   –   195    . 

     Mountford  ,   E.P.       2004     Long-term patterns of mor-
tality and regeneration in near-natural woodland  .         
Ph.D. thesis .    Harper Adams University College  ,   Open 
University .  

     Mountford  ,   E.P.   ,    Savill  ,   P.S.    and    Bebber  ,   D.P.       2006   
  Patterns of regeneration and ground vegetation as-
sociated with canopy gaps in a managed beechwood 
in southern England  .   Forestry  .    79  ,   389   –   408    . 

     Nagel  ,   T.A.    and    Diaci  ,   J.       2006     Intermediate wind dis-
turbance in an old-growth beech-fi r forest in south-
eastern Slovenia  .   Can. J. For. Res.      36  ,   629   –   638    . 

     Ott  ,   R.A.    and    Juday  ,   G.P.       2002     Canopy gap character-
istics and their implications for management in the 
temperate rainforests of southeast Alaska  .   For. Ecol. 
Manage.      159  ,   271   –   291    . 

     Page  ,   L.M.    and    Cameron  ,   A.D.       2006     Regeneration dy-
namics of Sitka spruce in artifi cially created forest 
gaps  .   For. Ecol. Manage.      221  ,   260   –   266    . 

     Parviainen  ,   J.   ,    Little  ,   D.   ,    Doyle  ,   M.   ,    O’Sullivan  ,   A.   , 
   Kettunen  ,   M.    and    Korhonen  ,   M.       1999     Research in 
Forest Reserves and Natural Forests in European 
Countries — Country Reports for the COST Action 
E4: Forest Reserves Research Network  .    European 
Forest Institute  ,   Joensuu, Finland       . 

     Parviainen  ,   J.   ,    Bücking  ,   W.   ,    Vandekerkhove  ,   K.   , 
   Schuck  ,   A.    and    Päivinen  ,   R.       2000a     Strict forest 
reserves in Europe: efforts to enhance biodiversity 



GAP DYNAMICS IN A CENTRAL EUROPEAN BEECH FOREST RESERVE 123 

and research in forests left for free development in 
Europe (EU-COST-Action E4)  .   Forestry  .    73  ,   107   –
   118    . 

     Parviainen  ,   J.   ,    Kassioumis  ,   K.   ,    Bücking  ,   W.   , 
    Hochbichler  ,   E.   ,    Päivinen  ,   R.    and    Little  ,   D.       2000b   
  COST Action E4, Forest Reserves Research Network 
in Europe  .    Offi ce for Offi cial Publications of the Eu-
ropean Communities  ,   Luxemburg       . 

     Peterken  ,   G.F.       1996     Natural Woodland. Ecology and 
Conservation in Northern Temperate Regions  .    Cam-
bridge University Press  ,   Cambridge       . 

     Peters  ,   R.       1997     Beech Forests  .    Kluwer Academic Pub-
lishers  ,   Dordrecht, Netherlands       . 

     Piovesan  ,   G.   ,    Di Filippo  ,   A.   ,    Alessandrini  ,   A.   ,    Biondi  , 
  F.    and    Schirone  ,   B.       2005     Structure, dynamics and 
dendroecology of an old-growth Fagus forest in the 
Apennines  .   J. Veg. Sci.      16  ,   13   –   28    . 

     Polunin  ,   O.    and    Walters  ,   M.       1985     A Guide to the Veg-
etation of Britain and Europe  .    Oxford University 
Press  ,   New York       . 

     Pontailler  ,   J.-Y.   ,    Faille  ,   A.    and    Lemee  ,   G.       1997     Storms 
drive successional dynamics in natural forests: a case 
study in Fontainebleau forest (France)  .   For. Ecol. 
Manage.      98  ,   1   –   15    . 

     Poulson  ,   T.L.    and    Platt  ,   W.J.       1989     Gap light regimes in-
fl uence canopy tree diversity  .   Ecology  .    70  ,   553   –   555    . 

     Reimoser  ,   F.   ,    Armstrong  ,   H.    and    Suchant  ,   R.       1999   
  Measuring forest damage of ungulates: what should 
be considered  .   For. Ecol. Manage.      120  ,   47   –   58    . 

     Reimoser  ,   F.    and    Gossow  ,   H.       1996     Impact of ungulates 
on forest vegetation and its dependence on the sylvi-
cultural system  .   For. Ecol. Manage.      88  ,   107   –   119    . 

     Rübel  ,   E.       1932     Die Buchenwälder Europas  .    Verlag 
Hans Huber  ,   Bern-Berlin       . 

     Runkle  ,   J.R.       1982     Patterns of disturbance in some 
old-growth mesic forests of eastern North-America  . 
  Ecology  .    63  ,   1533   –   1546    . 

     Runkle  ,   J.R.       1985      Disturbance regimes in temperate 
forests  . In   The Ecology of Natural Disturbance and 
Patch Dynamics  .    S.T.A.   Pickett   and   P.S.   White    (eds). 
   Academic Press  ,   Orlando, FL   ,   pp.   17   –   33    . 

     Runkle  ,   J.R.       1989     Synchrony of regeneration, gaps, 
and latitudinal differences in tree species-diversity  . 
  Ecology  .    70  ,   546   –   547    . 

     Runkle  ,   J.R.       1990     Gap dynamics in an Ohio Acer-
Fagus forest and speculations on the geography of 
disturbance  .   Can. J. For. Res.      20  ,   632   –   641    . 

     Runkle  ,   J.R.    and    Yetter  ,   T.C.       1987     Treefalls revisited: 
gap dynamics in the southern appalachians  .   Ecology  . 
   68  ,   417   –   424    . 

     Schumann  ,   M.E.   ,    White  ,   A.S.    and    Witham  ,   J.W.     
  2003     The effects of harvest-created gaps on plant 
species diversity, composition, and abundance in 
a Maine oak-pine forest  .   For. Ecol. Manage.      176  , 
  543   –   561    . 

     Sousa  ,   W.P.       1984     The role of disturbance in natural 
communities  .   Ann. Rev. Ecol. Syst.      15  ,   353   –   391    . 

     Splechtna  ,   B.E.   ,    Gratzer  ,   G.    and    Black  ,   B.       2005     Dis-
turbance history of a European old-growth mixed-
species forest — a spatial dendro-ecological analysis  . 
  J. Veg. Sci.      16  ,   511   –   522    . 

     Standovár  ,   T.    and    Kenderes  ,   K.       2003     A review on natu-
ral stand dynamics in beechwoods of east central Eu-
rope  .   Appl. Ecol. Environ. Res.      1  ,   19   –   46    . 

     Szemethy  ,   L.   ,    Heltai  ,   M.    and    Ritter  ,   D.       1994     
El ő zetes eredmények a gímszarvas mozgáskörzetér ő l 
rádiótelemetriás nyomkövetés alapján  .   Vadbiológia  . 
   4  ,   1   –   10    . 

     Szemethy  ,   L.   ,    Katona  ,   K.   ,    Székely  ,   J.   ,    Bleier  ,   N.   ,    Nyeste  , 
  M.   , and    Kovács  ,   V.  ,  e al.      2004     A cserjeszint táplálék-
kínálatának és rágottságának vizsgálata különböz ő  
erdei él ő helyeken  .   Vadbiológia  .    11  ,   11   –   23    . 

     Tanaka  ,   H.    and    Nakashizuka  ,   T.       1997     Fifteen years 
of canopy dynamics analyzed by aerial photographs 
in a temperate deciduous forest, Japan  .   Ecology  .    72  , 
  612   –   620    . 

     Watt  ,   A.S.       1947     Pattern and process in the plant com-
munity  .   J. Ecol.      35  ,   1   –   22    . 

     White  ,   P.S.    and    Pickett  ,   S.T.A.       1985      Natural disturbance 
and patch dynamics  . In   The Ecology of Natural dis-
turbance and Patch Dynamics  .    S.T.A.   Pickett   and   P.S.  
 White    (eds).    Academic Press  ,   Orlando, FL   ,   pp.   3   –   13    . 

     Whitmore  ,   T.C.       1989     Canopy gaps and the 2 major 
groups of forest trees  .   Ecology  .    70  ,   536   –   538    . 

     Yamamoto  ,   S.-I.       1992     Gap characteristics and gap re-
generation in primary evergreen broad-leaved forests 
of western Japan  .   J. Plant Res.      105  ,   29   –   45    . 

     Zar  ,   J.H.       1999     Biostatistical Analysis  .    Prentice Hall  ,   NJ       . 
     Zeibig  ,   A.   ,    Diaci  ,   J.    and    Wagner  ,   S.       2005     Gap dis-

turbance patterns of a Fagus sylvatica virgin forest 
remnant in the mountain vegetation belt of Slovenia  . 
  For. Snow Landsc. Res.      79  ,   69   –   80    .  

   Received   26     January     2007      


